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Abstract

The resistance of masonry structures against esakieqaction is limited by its low shear
strength. Vertical prestressing is mainly consideneorder to improve the shear capacity and the
ductility of masonry. Experimental tests have algeshown the suitability of this method in case
of static and static cyclic action. By means ofsk based design, a theoretical investigation is
presented that considers dynamic loading.

The basis for the management of seismic risk ofomas that is considered in the present doc-
toral thesis, is a developed risk management alvd@ndefinitions of its important components
as well as introductory statements about differishkttypes and possibilities to describe and clas-
sify them. An important advantage of this risk mgeraent concept is the separation of risk into
categories. The first includes only physical damafjithe structure, while the second category
considers the consequences of the physical darhagenay be loss of life, economic, historical,
social or cultural loss. Generally, the estimabéisuch losses entails very high effort. Moreover,
it can currently not be carried out completely amdsonably, since there is still considerable
need for deeper research and further developméns, The user of the suggested risk manage-
ment concept has the possibility to deal only Wit risk related to the physical damage, as it is
done in the present work. Demandable knowledge tabathquakes, their artificial generation
and simulation in transient structural analysegrevided as well as their probabilistic descrip-
tion to take into account their probability of oc@nce and scattering, exemplarily demonstrated
for the region of Aachen, Germany. Essential basigarding dynamic structural behaviour and
modern demands for aseismic design are explainatceZning its significance, special attention
is given to ductility.

The main focus lies on the analysis of vulnerapibit unreinforced and vertical prestressed ma-
sonry. Its results are physical damages that ad f@ the above mentioned risk estimation. In

order to carry out such analyses in a profoundmmduable manner, the structural behaviour of
unreinforced and prestressed masonry, failure nmésims, influencing factors and the effect of

prestressing are particularly discussed as wekaerimental investigations and application

examples. The impact of vertical prestressing édependency on practical methods of execu-
tion on the meaningful ductility is asserted, didst and theoretically explained by an interac-

tion between internal prestressing elements (tes)damd the wall itself. Numerical methods and

three material laws for masonry are elucidated dnatused for the extensive simulations regard-
ing the in-plane behaviour. By means of the expenital tests, the numerical models are cali-
brated.

The impact of prestressing on the dynamic behavi®ymointed out. Furthermore, influencing
factors on the structural behaviour and simulati@ssilts are investigated such as wall slender-
ness, support conditions, position of the tendond aumerical modelling techniques of
prestressing. Also sensitivities and correlatioresrasults of extensive probabilistic simulations
which include loading as well as resistance uni#its. However, the evaluation of probability
density functions for different damage parametsrthe main aim of the probabilistic simula-
tions. As an outcome, vertical prestressing of masds only conditionally useful in case of
seismic action. It depends on several factorsjrfstance properties of the structure and earth-
guake, degree of prestressing or considered dapwgeneter. In general, the mortar damage is
reduced, but the unit damage increased. Thus gfuitleas are taken into account and developed
to reduce the damage of masonry in case of seiagtion. A detailed investigation of such
method was neither the purpose nor the intentiothisfthesis. It closes with the application of
the suggested risk management concept to an exaBwleeans of calculated damages and
their probabilities, the risk is calculated and pamed.
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1 Introduction

1 Introduction
1.1 Moaotivation

The number of victims as well as loss caused bthgaakes is enormous. Merely, the recent
earthquake of 1Rlay 2008 in the region Sichuan, China (see Fig.di+the left) caused 87,476
fatalities and a loss of approximately 30,000 MilliUS$ [EM-DAT 2008]. This event with a
moment magnitudé,, of 7.9 occurred in a low depth of 19 kilometresS[&IS 2008], which
usually leads to high damages as demonstratedjirlFi on the right. Resulting from a similar
earthquake in 1976, approximately 242,000 peopit foeir lives and a loss of 5,600 Mil-
lion US$ has been calculated [EM-DAT 2008].

Fig. 1-1: Earthquake eastern Sichuan, China, 12 2088, Left: Location [USGS 2008],
Right: Damage [WiCo 2008]

More than 100 years ago Mario Baratta - one offéitieers of modern Italian seismology - no-
ticed: “People are not killed by earthquakes, bwttheir buildings. Earthquakes cannot be
avoided; however buildings can be made earthquedistant.” [Empelmann 2006]. All over the
world, a huge amount of historical as well as mod&ructures is made of masonry, which is
usually notorious to have a low earthquake resigtaMoreover, the new version of the Euro-
pean standard for earthquake loading [EurocodmBpses higher seismic loading than pervious
versions, whereas the resistance of masonry israpihaunderestimated by the newest version
of the European standard for masonry [Eurocod&l&érefore, this thesis is focused on the as-
sessment and the reduction of risk regarding mgdauitdings.

1.2 Problem definition, limitation and solution

Hazards associated with earthquakes are commdielyed to as seismic hazards, which can be
subdivided into ground shaking, structural hazalidsgfaction, landslide, lifeline hazards, tsu-
namis etc. In the framework of this thesis, groshdking and structural hazards of masonry are
considered. The resistance of masonry structurasmstgearthquake action is limited by its low
shear strength. Besides in [Eurocode 6] a very Istuatility is assumed for unreinforced ma-
sonry. Vertical local prestressing is considereaiider to improve the shear capacity and the
ductility. Static and static cyclic tests have shatlve suitability of this method [Budelmann et
al. 2004]. More research for different masonry ¢dions is desirable. In addition, a detailed
investigation of the dynamic behaviour is demaneldi®#fore using the strengthening method
against earthquake action. The large quantity oessary experimental tests is very expensive,
especially with shaking tables. The first goal lutthesis is to provide and verify possibilities,
based on numerical methods, to investigate theulmsefs of vertical prestressing with particular
emphasis on the dynamic behaviour of masonry asaséb estimate the risk probabilistically.



1 Introduction

Usually, capacity or performance based design nastlace utilized to judge on the design resis-
tance and advantageousness of rehabilitation aexgshening measures. Finally, this work uses
a risk based design, which accounts also for sedaraage stages, in order to assess the benefit
of prestressing more in detail. In order to alloweasonable application of risk management,
first of all a clear risk management methodologgésnandable. Therefore, important terms are
defined and a risk management concept is suggfstedsaster risk regarding catastrophes deal-
ing with environmental and engineering purposey.dfihancial risk management is not taken
into account. The complete risk management chairesented in Section 2.2 cannot be reasona-
bly processed in a single thesis. Diverse thes$oaused on different parts. This work is con-
centrated on the risk assessment of masonry akdeasiction by means of vertical prestressing
and some additional measures. Whereas, the risksmaent with special emphasis on the hazard
analysis is investigated in [Urban 2007].

The focus of this study lies on modern masonry. fBasons for this as well as the delineation of
historical and modern masonry are discussed eledprim Section 4.2.3. The huge variety of
loadbearing behaviour of masonry structures cabaatasonably considered in depth. Thus, the
work focuses on in-plane behaviour, since it isyverportant in case of seismic action. Several
material models and numerical codes are takenadotount, discussed and used to predict the
behaviour of masonry. For the main task — transeanthquake simulations, additionally consid-
ered in the probabilistic range — a macro-modelfimgthod by means of the material model of
Lagomarsino and Gambarotta [Gambarotta, Lagomads®8db] is utilized in combination with
the finite element program ANSYSThis allows a prediction of damage via speciahdge
parameters for units and mortar. Several deteetetrs which influence masonry behaviour and
numerical results are investigated and discussed.

The probabilities of damages can be estimated nmef probabilistic methods. Thereto, Latin
Hypercube sampling is applied by means of the ackdprogram optiSLaffgwhich is used in
combination with ANSY$, in order to carry out dynamic probabilistic arsaly. The damage
probabilities — calculated in this way — are uélizto estimate risks and to compare the benefit of
vertical prestressing in case of seismic actiofodissing of this work on the structural risk is
sufficient to judge on the usefulness of rehaliibta measures and to avoid the integration of
inaccuracy, which inheres in loss assessment. dsteid caused by the lack of knowledge, the
missing of well established accurate methods terdehe the losses as well as profound data-
bases. Another reason is the high degree of sibjgctn the framework of task sharing, the
component loss assessment of the risk managemamt @h precisely investigated in [Plie-
fke 2010].

1.3 Overview of thethesis

Several components like hazard assessment, vulligraimalysis and damage assessment are
necessary for a final risk calculation and managenmkEhese components are treated separately
in their related chapters, where the correspongartjal results are arrived and presented. After
all, these components in terms of partial resuttscampounded in Chap. 8 within the risk calcu-
lation. First, the meaning of risk management, wiyneleveloped methodology to manage disas-
ter risk, its basics and useful tools to measuckteeat risk are described in Chap. 2 for catastro-
phes in general. An advantage of the suggestedoah@itgy is the subdivision of risk in two
main categories. The first accounts only for stitaitdamage (it is referred to as structural risk),
while the loss is considered in the total risk (Seetion 2.2). Therefore, the user has the possi-
bility to calculate the risk, merely based on dmoal information, without any further data of
financial or other consequences.

The seismic hazard and the parameters for its ipéiser are elucidated in Chap. 3 as well as
basic knowledge of dynamic structural response randirements on its seismic performance.

2
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The results of a probabilistic hazard assessmenhéoregion of Aachen, Germany are important
for subsequent probabilistic transient simulation€hap. 6.

Chap. 4 starts with the introduction of unreinfatesasonry (normal masonry without any retro-
fitting, strengthening or rehabilitation measurdssential theory regarding mechanical proper-
ties and failure mechanisms as well as influengiagameters is given, which is the base for a
retrofitting of masonry and its numerical modellidgsubsequent subchapter is devoted to verti-
cal prestressing and its impact on the failure rapigms is described as well as means for the
practical application and reasonable applicati@id§. Furthermore, some examples are pre-
sented, where vertical prestressing is already.useperimental tests for non-prestressed and
prestressed masonry are described, which are ns€tldp. 6 to verify material models and for
the calibration of the numerical wall models. Afel, the numerical modelling of the complex
material behaviour of masonry is explained. Threeful material models are briefly described.
Main emphasis lies on the material model of Lag@marand Gambarotta [Gambarotta, Lago-
marsino 1997b], which is mainly used in Chap. 6 @rfdr the transient simulations as well as
for the probabilistic dynamic analyses. Moreovenndge parameters are explained, which are
utilised in the numerical models of later chapterpredict the damage and damage probabilities.
The impact of prestressing on the dynamic behaviinvestigated and expounded in Chap. 5.
Several experimental test results of literaturepresented to verify the theoretical assumptions
and to derive several effects and mechanisms.

In Chap. 6, the prestressing measure is nhumericalbstigated. Comparisons of prestressed and
non-prestressed structures are given. First oéafierimental tests described in Chap. 4 are used
in order to verify the material models and to aaib the material input parameters. Further-
more, case studies are carried out, since expetaiests are expensive and results are often not
sufficiently available in literature. In the framexk of the shear wall tests of Braunschweig
[Budelmann et al. 2004], exclusively prestresseshshvalls were investigated. Due to a limited
budget, reference walls were not included to comphe behaviour and damages. This gap is
closed at least by means of additional numericalukitions referring to such non-prestressed
reference walls. Moreover, the dynamic behavioyprettressed shear walls as well as compari-
sons to non-prestressed shear walls are of higheisitto assess the usefulness of this measure in
case of seismic action. However, experimental testis shaking tables could not be funded.
Therefore, dynamic simulations are performed. Esfigcthe calibrated numerical wall models
(of the prestressed shear wall tests of Braunsd)veee subjected to earthquakes. Afterwards,
they are extended unto probabilistic simulationkjciv include the scattering of material pa-
rameters, loading and support conditions to fintsiwities and correlations, but also to obtain
damage probabilities. In addition, an existing g — Hall 8 of the iBMB/MPA in Braun-
schweig — is partly investigated to demonstrateitiygrovement due to prestressing regarding
needed shear capacity of bracing walls.

Additionally, further measures — found during thisrk to improve the seismic performance of
masonry — are briefly described and discussed epCh. On the one hand, measures of the mi-
croscopic level are considered as unit sizes,rdiftebonds regarding impacts of overlapping and
length/height ratio. On the other hand, measuresnaoroscopic level are considered. Special
emphasis lies on the wall geometry, which has guoitant impact on failure mechanisms and
ductility. Combinations of such measures with \oattiprestressing are modelled as well. First
numerical investigations show the complexity ofoarect judgement concerning the usefulness
of the discussed measures in case of seismic a8mfar, this chapter may be understood as an
extended outlook for further research. The partallts needed for risk estimation are finally
compounded in Chap. 8. The most important compaerezet the damage probabilities as a result
of the transient probabilistic analyses in ChapB&ésed on these data, risks are calculated for
different damage parameters, for both non-presttband prestressed structural elements. Com-
parisons of the risks exhibit the impact of veltiwewal prestressing on the damage of seismic
loaded masonry.
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2 Risk management
21 General remarks

Nowadays, risk management is applied throughouérséwisciplines as finance, medical sci-
ence, insurance industry, mechanical engineeringedisas disaster management. Also in civil
engineering, risk management gains more importanée difficult to find the roots. In modern
applications the first ideas of risk management ayound in early economic theories around
the 1920’s [Knight 1921]. These are related torgsce and stock market decision theory. In the
middle of the last century the method was introduicéo health sciences, where a first defini-
tion of risk management was offered. Despite thésis is focused on seismic risk, in this chap-
ter the risk management subject is treated in gémnemprovide a profound basic knowledge for
several fields of application.

2.1.1 Catastrophes

The number of catastrophes increased world widaifgigntly in the last thirty years as shown
in Fig. 2-1. The annual number of disaster events the annual mortality - using a five-year
moving average — is presented. The fact that disastcurrence has almost doubled between
1995 and 2006 may be influenced by increased a¢oeis$ormation and increasing exposure.
Nevertheless, it may be amplified due to the nunabemall climatic hazard events.
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Fig. 2-1: Trends of recorded natural disastersafmimbers of killed, 1977-2006
[ISDR 2007]

Moreover, Fig. 2-2 displays the increase in ovdaabes and insured losses of great natural ca-
tastrophes since 1950 by trend curves. World wide,increase of exposed people and values
(e.g. high developed valuable structures and seaditisinesses) requires methods to handle this
problem. Therefore, risk management seems to betis¢ reasonable tool actually available.

A lot of catastrophe types due to civil, anthropgigeor natural impact have to be distinguished.
Natural catastrophes have a very important imgaetnts as earthquakes, floods, wind storms,
landslides and droughts belong to this categorgaREng data of the Munich Re reinsurance
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[Munich Re 2007] (see also Fig. 2-2), the overadisks totalled 1,800bn US$ in current values,
which shows the significance of natural disast€herefrom, only the earthquake of 17 January
1995 in the Japanese city of Kobe and the Hurrid¢ateina in the United States of 25-30 Au-
gust 2005 caused 278bn US$. Another large grougharéschnical catastrophes, which may be
roughly divided into industrial catastrophes ananhsportation catastrophes. Numerous other
causes of death may be mentioned. The most signffiypes are health conditions, social envi-
ronment including poverty and violence in all forms. as well sports activities and wars. De-
spite these are frequent reasons for fatalitiesy #re perceived as less important. In opposition
to natural or industrial catastrophes, the lastigrs usually characterised by a much more uni-
form occurrence in space and time. Thus, it do¢$eanl to numerous fatalities related to a short
time event. Moreover, the media report much momapunctual disasters.
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Fig. 2-2: Great natural catastrophes: Overall lossel insured losses — Absolute values and
long-term trends [Munich Re 2007]

For Germany, Italy and China the most importantirsdtdisasters occurred from 1900 up to the
current time as listed in Tab. 2-1, Tab. 2-2 anl. Pa3. The data are taken from the Emergency
Disasters Data Base [EM-DATA 2008].

Disaster Date Killed Disaster Date Affected Disaster Date Damage

[Mio US$]
Extr. temp.|  Aug. 03| 9,355| | Flood 11.08.2002 330,108 | Flood 11.08.2002 11,600,000
Storm Feb. 62 347| | Flood 21.12.2998 100,000 | Extr. temp. Aug. 03 1,650,000
Storm 02.01.1976 82| | Flood 22.05.1999 100,000 | Storm 26.12.1999 1,600,000
Storm Jan.90 64| |Flood 10.01.1995 30,000 |Storm 02.01.1976 1,300,000
Storm 12.11.1972 54| | Flood 04.07.1997 15,000 |Storm 25.01.1990 1,200,000
Extr. temp.| 04.01.1997 30| |Flood 26.03.1988 3,500] |Storm 25.02.1990 1,200,000
Flood 11.08.2002 27| |Earthquake 13.04.1992 1,525| | Storm 28.02.1990 1,200,000
Storm 28.02.1990 24| | Flood 28.03.2006 1,000| |Flood 10.01.1995 1,000,000
Storm 24.12.1999 15| |Epidemic | 01.02.200P 600| | Storm 12.07.1984 1,000,000

Storm 26.10.2002 11| | Flood 10.07.200% 450| |Storm 12.07.1984 950,000

Tab. 2-1: Top ten natural events in Germany (190082 for fatalities, affected persons and
damage [EM-DAT 2008]
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To be included into this database the catastroplsetdicause one of the following four criteria:

Ten or more reported killed people, hundred repbpiople affected, and a call for international
assistance or the declaration of a state of emeygd@ihe mentioned tables are ranked for killed
as well as affected persons and caused damagevEoy country different characteristics are
easily visible. In Germany storms and extreme teatpees are the main reasons for fatalities
and damage. Many people are affected by floodikaly earthquakes lead in all three rankings.
It may be said, earthquakes are the most problematiural catastrophe in lItaly. In addition

landslides and volcanoes lead to victims. In Chisavell as in Germany mainly floods affect a
lot of people and cause high damages. Regarditeglipeople, the variety of reasons in China is
broad. The main reasons are droughts, floods, @aakes and an epidemic in 1909.

Disaster Date Killed Disaster Date Affected Disaster Date Damage

[Mio US3]
Earthquake 28.12.1908 75,000 | Flood 07.10.19701,301,65Q | Earthquake 23.11.1980 20,000,000
Earthquake 13.01.1915 29,980/ | Flood 03.11.19661,300,00Q | Flood 01.11.1994 9,300,000
Extr. temp.| 16.07.2003 20,089| | Earthquake 23.11.1980 400,000 |Flood 14.10.2000 8,000,000
Earthquake 23.11.1980 4,689| | Earthquake 06.05.1976 218,222 | Earthquake 26.09.1997 4,524,900
Earthquake 08.09.1905 2,500/ |Flood 14.11.1951 170,000 |Extr. temp.| 16.07.2003 4,400,000
Slides 09.10.1968 1,917| | Earthquake 28.12.1908 150,000 |Earthquake 06.05.1976 3,600,000
Earthquake 23.07.193Q 1,883| | Earthquake 15.01.1968 55,563 | Flood 03.11.1966 2,000,000
Earthquake 06.05.1976  922| | Flood 14.10.2000 43,000 | Wildfire Mar. 1990, 880,000
Volcano 18.04.1906 700| |Earthquake 26.09.1997 38,100 | Drought Apr. 97 800,000
Slides 25.10.1954 297| |Earthquake 09.09.1976 32,000 |Earthquake 31.10.2002 796,000

Tab. 2-2: Top ten natural events in Italy (1900-80f@r fatalities, affected persons and dam-
age [EM-DAT 2008]

Disaster Date Killed Disaster Date Affected Disaster Date Damage
[Mio US3]

Drought 192§ 3,000,000 | Flood 01.7.1998238,973,000 | Flood 01.7.1998 30,000,000
Flood Jul. 59 2,000,000 | Flood 01.6.1991210,232,227 | Earthg. 12.5.200830,000,000
Epidemic 1909 1,500,009 | Flood 30.6.1996154,634,000 | Drought Jan. 94 13,755,200
Drought 192Q 500,000 |Flood 23.6.2003150,146,000 | Flood 30.6.1996 12,600,000
Flood Jul. 39 500,000 |Flood 15.5.1995114,470,249 | Flood 23.6.1999 8,100,000
Earthq. | 27.07.197p 242,000 |Flood 15.6.2007105,004,000 | Flood 23.6.2003 7,890,000
Earthg. 22.05.192F 200,000 |Flood 23.6.1999101,024,00 Flood 01.6.1991 7,500,000
Earthg. 16.12.192D0 180,000 | Flood 14.7.1989100,010,00 Extr. temp, 10.1.2008 7,500,000
Flood Jul. 31 145,000 |Storm 14.3.2002100,000,000 | Flood 15.5.199% 6,720,000
Flood 1935 142,000 |Drought Jan. 94 82,000,00Q |Flood Aug. 9§ 6,314,500

Tab. 2-3: Top ten natural events in China (190082@6r fatalities, affected persons and dam-
age [EM-DAT 2008]

According to International Strategy for DisastedBetion (ISDR), world wide 118 million peo-
ple are exposed annually to earthquake with madaitbigher than 5.5 on Richter scale
[ISDR 2007]. A comparison of Fig. 2-3 and Fig. v#h the earthquake zones given in Fig. 3-1
exhibits clearly the relation between seismic a&ctiones and resulting fatalities as well as eco-
nomic loss. As expected, the settlement of suclez@nthe third important factor leading to risk.
Thus, in zones of high seismicity no risk existsidathing is exposed. The distribution of mortal-
ity risk (see Fig. 2-3) and economic loss risk (B&g 2-4) from earthquakes are broadly similar.
Small difference exists regarding their quantityiidustrialized countries as USA and New Zea-
land the economic loss is greater than the moytdRegarding developing and new industrial-
ized countries as Pakistan, India and Bangladesimitrtality is equal or greater than the eco-
nomic loss.
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Fig. 2-4: Distribution of proportional economic foom earthquakes [ISDR 2007]

In Fig. 2-5 the vulnerability of national populatiéor earthquakes is depicted. On the horizontal
axis the number of population yearly exposed (iarage) to earthquakes is shown, while the
vertical axis displays the average number of figaliexpressed in terms of realized mortality
from 1980-2000. The ratio killed to exposed prosideproxy for vulnerability. Countries on the
top left of the figure are more vulnerable thansthon the bottom right. For the interpretation of
this graph this difference is important. Countiige Japan and the USA below the trend line
may have high levels of hazard exposure, but loxelteof vulnerability relative to that expo-
sure. In contrast, a country like Armenia has dhayel of vulnerability relative to its level of
hazard exposure. The population in Iran is 1,00@$ more vulnerable regarding earthquakes
than in the USA [ISDR 2007]. This vulnerability n&tional population is indirectly related to
the structural vulnerability. In industrialized ctties the structural design is safer than in devel
oping countries. Thus, collapse is often avoidethdustrial countries, which reduces the num-
ber of fatalities. The value of the structuresssally higher as well as the repairing cost. There-
fore, the economic damage in industrial countriegreater. All these show the importance of
well designed structures. Desirable is a desigrchvimiot only avoids collapse, but also limits
damage.
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Fig. 2-5: Vulnerability of national population fearthquakes [ISDR 2007]

The last ten earthquakes in China, which causednibet fatalities during the last thirty years,
are listed in Tab. 2-4. The people affected anditireage related to each earthquake are given as
well. This makes clear the importance of an impnoeast in structural design also in China.

Dates L ocation Killed | Tot. affected | Est. damages[Mio US$]
12.05.2008 Wenchuan country 87,476 45,976,596 30,000
06.11.1988 Lancang, Menglian 939 1,270,364 269
03.02.1996 Lishui, Ninglang 309 5,077,795 506
24.02.2003 Jiashi (Payzawat) 268 5,170,00Q 157
24.01.1981 Sichuan province 150 25,850
26.04.1990 Qinghai Province 126 34,319 58.35
23.08.1988 Wugia-Shufu area 67 16,100
10.01.1998 Hebei province 49 5,980,000 285.5
24.10.1995 Yunnan province 46 20,297 80
11.07.1979 Jiangsu province 41 2,000
27.08.1979 Wu-Yuan area 41 2,104

Tab. 2-4: Top ten earthquakes in China (1978-28@&ed for fatalities as well as related af-
fected persons and damage [EM-DAT 2008]

2.1.2 Uncertainties

In the framework of risk management uncertaintiagehan essential meaning. Thus, some ba-
sics regarding uncertainties are given in thisisecfThe term uncertainty is used in numerous
different fields as statistics, insurance, finarajosophy, psychology, engineering, and infor-
mation science. It applies to predictions of futeseents, to physical measurements already
made, or to the unknown. First of all, a reasonalefénition of uncertainty [Hubbard 2007] is
provided: “The lack of certainty, a state of havimgited knowledge where it is impossible to
exactly describe existing state or future outcomere than one possible outcome.” Regarding
the measurement of uncertainty, Hubbard points“@uset of possible states or outcomes where
probabilities are assigned to each possible stabeitcome - this also includes the application of
a probability density function to continuous vateh” A huge variety of types of uncertainties
exist. They are commonly distinguished into two mgioups. Thespistemic uncertainty is in-

9
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troduced by insufficient modelling of systems. Gampgently, this uncertainty type is model de-
pendent and can be eliminated by creating a precistel. It may be expressed as the variability
of the results of a repeated experiment. @leatory uncertaintys due to natural and unpredict-
able variations in the system studied [Urban 20@7¢annot be reduced, because of the inher-
ently randomness. Hence, it is often named asaxeaariability.

For a procedure which tries to take into accoumeuainty due to lack of knowledge — referred
to as knowledge uncertainty — of all the causesedfatts in a physical or social system, it is
possible to distinguish betweprocess model uncertaingndstatistical inference uncertaings
well asstatistical model uncertaintjFloodrisknet 2008]. All models are a simplificati of the
reality! Never, they can be considered completecexéherefore, they subject process model
uncertainty Measured data versus modelled data comparisersagi insight into the extent of
model uncertainty, but do not produce a complettupe [Floodrisknet 2008]. Thstatistical
inference uncertaintys a formal quantification of the uncertainty otiemting the population
from a sample, and is related to the extent of dath variability of the data that make up the
sample [Floodrisknet 2008]. Ttetatistical model uncertaintsnight be described as uncertainty
associated with the fitting of a statistical modehjch is usually assumed to be proper. However,
if two different models fit a set of data equallyellv but have different extrapola-
tions/interpolations, then this assumption is nalidvand there istatistical model uncertainty
[Floodrisknet 2008]. The reasons responsible tméhice uncertainty in a model might be: The
model structure (accuracy of a mathematical modealdscribe a real system), the initial and
boundary conditions (accuracy of information anthdar boundary and initial conditions), the
numerical approximation (suitability of numericakthod to approximate the real system per-
formance), the data for input and model parameférs.goal of uncertainty quantification is to
assign an appropriate model to a real-world sibmati

2.2 Methodology for managing disaster risk

Within the scientific community a great varietyrisk management methods and definitions ex-
its, caused by the use of risk management througbexeral disciplines and for diverse perils.
So far no consistency in the risk management tediogy has been achieved as the miscellane-
ous catastrophes, such as earthquakes, floodssstmr landslides are very different in nature
and cause various harms to the affected regionnidrey existing definitions for similar princi-
ples within the risk management processes oftantresconfusion. Especially when it comes to
interdisciplinary co-operations, an inhomogeneondeustanding of basal terms might impose
problems in communication. Moreover, different difons as well as ways to estimate and
evaluate risk frequently lead to results, whichramecomparable as the considered range of con-
sequences, that is included in the calculatioguite uneven. Therefore, costly risk studies often
do not provide sufficient assistance to decisiorkems and accordingly, huge mistakes can be
made. As a result, a unified methodology to deéind to calculate risk throughout various disci-
plines is indispensable for a rational quantifisaticomparison, and treating of risks. In this
way, an effective expenditure of society resouinasrisk reduction can be guaranteed and thus,
an adequate safety level obtained.

This subchapter resulting from a long developmeatgss for the Research Training Group 802
is a contribution to approach these tasks andsis @iiblished in [Pliefke, Sperbeck, Urban 2006]
and [Pliefke et al. 2007]. It provides reasonal#énitions which are summed up in Appendix A
as well as a standardized language for commung@gati managing risk among stakeholders.
To do this in a justifiable manner, firstly riskfohgtions and concepts existing in literature are
reviewed and out of these, classes of risk calicuiaichemes are extracted. Subsequently, a risk
management concept is presented that covers thke wibk management chain. The discussion
of the risk management workflow is accompanied bineating the repeated occurring basal

10
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risk terms and illustrating their interrelationsaghically. The risk calculation schemes are inte-
grated in the concept and their advantageousndbsregpect to different application fields is
discussed.

2.2.1 Existing definitions of disaster risk

Management and analysis of natural disaster risk lisgh multidisciplinary field of research.
The work of natural scientists is involved to detigre the hazard characteristic parameters such
as probability of occurrence and intensity of aerévfor a special location, followed by a pro-
found engineering analysis about the building $tnecand infrastructural responses due to natu-
ral disaster loads. Moreover, investigations ofneenists are needed to estimate the monetary
consequences of the damages and harms to theedff@gjion, resulting in a political discussion
about how to handle the peril in order to guaraate@dequate safety level for society. This ne-
cessity to consider disaster management from th&ppetive of a great variety of sciences has
led to the development of various quantitative all as qualitative approaches towards disaster
management. Each field is trying to cultivate tteim understanding of disaster related terms.
As a result, communication within the disaster ng@maent community is often accompanied by
misunderstandings and confusion due to collidinind®ns and concepts. Therefore, a homo-
geneous understanding of disaster managementdmkfor an efficient coordination of the im-
portant sub-steps and collaboration throughout#®us disciplines. Due to this problematic an
extensive literature review has been performedhénfollowing, exemplary definitions of risk
are provided to demonstrate the wide range of digfivs existing in literature.

» “A state of uncertainty where some possible outcoim@ve an undesired effect or sig-
nificant loss. ... A set of measured uncertaintiesenghsome possible outcomes are
losses, and the magnitudes of those losses - I8uosirecludes loss functions over con-
tinuous variables.” [Hubbard 2007]

* “The risk is associated with flood disaster for aagion is a product of both the region’s
exposure to the hazard (natural event) and theevalhility of objects (society) to the
hazard. It suggests that three main factors car&ito a region’s flood disaster risk: haz-
ard, exposure and vulnerability.” [Hori et al. 2002

» "Risk is the product of hazar#i] and vulnerability ) as they affect a series of elements
(E) comprising the population, properties, econonaiivdies, public services, and so on,
under the threat of disaster in a given area" [aAteder No Date]

* “The probability of harmful consequences, or expdcloss of lives, people injured,
property, livelihoods, economic activity disruptéar environment damaged) resulting
from interactions between natural and human indinaezhrds and vulnerable conditions.
Risk is conventionally expressed by the equatiBisk=Hazard x Vulnerability.”
[UNDP 2004]

» “Risk is the probability of an event multiplied Ilye consequences if the event occurs.”
[Einstein 1988]

* “Acombination of the probability or frequency ofaurrence of a defined hazard and the
magnitude of the consequences of the occurrencee Bfiecific, a risk is defined as the
probability of harmful consequences, or expected [@f lives, people, injured, property,
livelihoods, economic activity disrupted or envineent damaged) resulting from interac-
tions between natural or human induced hazardsifdiean Spatial Planning Observa-
tion Network 2003]

* Risk is an expression or possible loss over a fpem@riod of time or number of opera-
tional cycles. It may be indicated by the prob&pitf an accident times the damage in
dollars, lives, or operating units.” [Hammer 1972]

11
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Out of these citations basically five widespreaabses of definitions of disaster risks can be ex-
tracted and are categorized subsequently:

Risk = Hazard - Vulnerability - Exposure Def. (2-1)
Risk = Hazard - Vulnerability Def. (2-2)
Risk = Probability - Consequences Def. (2-3)
Risk = Probability - Loss Def. (2-4)
Risk = Probability - Damage Def. (2-5)

These risk formulae as well as the exemplary vedbéhitions make clear that the different un-
derstandings of the term risk are mainly causedhieydiverse meanings of the terms hazard,
vulnerability, exposure, damage and loss. Obvigukly definition boundaries are blurred and
intersecting between the authors’ grasps. Therefbere is the need to clearly clarify what is
understood by each term. Furthermore, it is evitlenoughout the definitions that no clear equa-
tion is used to define the risk. Whereas some asittiefine risk as a product of several terms,
others even avoid any mathematical deepness byysarguing that risk is a function of several

expressions. This observation has also been madevisen 2006], that even goes a step fur-
ther in arguing “Risk is seen as a function of hdzaulnerability, exposure and resilience, while
the mathematical relationship between the variaislasmknown”. In this sense also the above
collected risk Def. (2-1) to Def. (2-5) are nothe understood too mathematically, but rather
illustrative to emphasise the composition of disastk. The only clear mathematical formula to
guantify risk, which is known by the authors, i€ tREER equation for earthquake risk that is
provided in [Baker, Cornell 2003].

In the next section a fully developed disaster rgangent methodology is presented that clearly
outlines the important sub-steps of risk manageraedtsupplies unambiguous definitions of the
risk defining terms. After this has been introductee theoretical background is sufficient to

demonstrate how the above listed definitions ietate and can be included in the framework.

2.2.2 Risk management concept

Similar to the state of definition of risk as expkd above, also for the term risk management a
huge variety exists in literature. The first defiom of risk management, which was offered into
health sciences [NRC 1983] is subsequently given:

“A decision-making process involving the considiematof information of political, social, eco-
nomic and technological nature, in addition to datacerning risks, in order to develop, analyze
and compare regulatory options; the goal of thizcess is to select the most appropriate re-
sponse with respect to the potential risks that pwse a chronic threat to health.”

The proposed risk management framework presentddsisection has been developed in close
cooperation to [Pliefke, Sperbeck, Urban 2006] anéxtended in compliance with [AS/NZS
4360 1999] that defines a risk management procetisea

“Systematic application of policies, procedures anactices to the task of identifying, analys-
ing, evaluating, treating and monitoring risk.”

12
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As illustrated in Fig. 2-6 the three main composeoit the framework are given through risk
identification, risk assessment and risk treatnzerdt are performed sequentially throughout the
risk management process, accompanied by a riskwestep and continuous risk monitoring.
The risk review process is assigned to the taglotstantly include all new information, knowl-
edge and experience about the risk and to inditatevolution within the process over time.
Thus, the risk is updated on a regular basis.dtikhbe emphasised that the risk review process
is only performed for risks that have already farotigh the whole process at least once. Conse-
guently, in each risk review iteration the effeetiess of possibly implemented risk reduction
interventions is indicated. The risk monitoring gedure in contrast, captures the exchange of
information of all persons actively or passivelyaived or participating in the risk management
process. This exchange of information is necedsagyiarantee a smooth collaboration between
interdisciplinary researchers and to discover naraids due to the ever changing environment.

[ RISK MANAGEMENT |

Risk Identification

Risk Assessment

Risk

Review I v
\—{ Risk Treatment

Fig. 2-6: The general risk management frameworlefl et al. 2007]

RISK MONITORING

2.2.2.1 Risk identification phase

The prerequisite for performing the risk identifioa phase and therefore to initiate the opera-
tion of the risk management chain is the conditbbeing aware of a dangerous situation. If this
is done, first of all the boundaries of the modaindin have to be circumscribed by defining the
system under analysis. The system can be compdsgdingle building or infrastructure ele-
ment, a city, a region or even a whole country. tNak sources of events that are able to endan-
ger the functionality of the system have to be fifiex and are characterized by the term hazard.
Thus, the risk identification step leads to an aste the question “what can happen and
where?” As soon as this analysis is completed fparéicular location, it is proceeded with the
risk assessment phase.

2.2.2.2 Risk assessment phase

After having outlined the model domain and ideertifall possible hazards to the system, the risk
assessment phase starts to operate, represengirfgsthcrucial step of the risk management
framework. The risk assessment itself consistsvof $ub-procedures, the risk analysis and the
risk evaluation module, whose tasks are to be seguantifying the risk and comparing it to
other competing risks, respectively.

a) Risk analysis

The risk analysis procedure (depicted in Fig. 2ef)resents the most sophisticated part of the
risk assessment phase, whose major objectiverigisei quantification of the risk defining pa-
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rameters and finally the risk itself, most desiyaibl monetary units per time unit (i.e. $/year). In
order to reach this ambition, first of all a hazaralysis is being performed where the intensity
and frequency parameters of each identified hatsgoel with respect to the predefined system
are estimated. Once the hazard data are quaniifieels to be analysed, which components of
the system are exposed, i.e. potentially endandeyetie impact of the hazard. In this way, a
subdivision of the system into elements at riskREand elements at non risk (EaNR) is per-
formed, depending on the hazard under considerafisrthe EaNR are by definition not ex-
posed, they are not threatened by the hazard amdheaefore be excluded from the further
analysis. An EaR on the contrary, represents aipgilor another arbitrary infrastructure ele-
ment that is characterised by several parametetshthve to be determined. Among these are
precise location parameters within the system rinfdion about the functional use (residential,
commercial, industrial), occupancy (inventory ohtants, number of people living or working
inside) and construction type (building materiaimber of storeys, construction year). A de-
tailed discussion about the EaR parameters is gedvin [Grossi, Kunreuther 2005]. Further-
more, to facilitate the analysis, EaR with simiharacteristics can be grouped together into EaR
classes, depending on the hazard under consideratien, the further analysis can concentrate
on one typical representant out of each EaR ctassiming that all other EaR of the same cate-
gory will show similar behaviour.

After all the EaR (classes) have been identified @aarly delineated, the structural behaviour of
each EaR (class) has to be predicted dependingeohazard load. The damage module of an
EaR is strongly dependent on the structural respohshe EaR and captures the physical harm
only. It can be expressed by a large variety ofsuess, e.g. water height, crack width and storey
drift, which are used to derive damage statesasttb be clearly emphasised that damage is not
measured in monetary values. The relation betweehazard intensity and the resulting damage
is called structural vulnerability. Thus, the stural vulnerability is an EaR (class) specific char
acteristic that indicates the degree of physicateptibility towards the impact of the hazard.

Subsequent to the prediction of the structural biela of all EaR (classes), the consequences
for the system that might go in line with a givemél of damage of the exposed elements have to
be analysed. For this investigation the charadtenmrameters of each EaR (class) have to be
taken into account. It is distinguished betweeeaticonsequences, that occur simultaneously to
the time the disaster takes place and indirectesprences that occur with a time shift as a result
of the direct consequences. Whereas direct consegsi@re in a straight line linked to the cop-
ing capacity of the system, i.e. the ability tohsitand the natural forces and to provide immedi-
ate help, indirect consequences are linked todh#ience, i.e. the capacity to remain functional
and recover from the disaster. In addition, eagtsequence class is further subdivided into tan-
gible or economic consequences, that are direcigsurable in monetary terms and intangible
consequences, that are not directly appraisalgejrguries and fatalities, pollution of the envi-
ronment, loss of cultural, social and historicaluea etc. An overview of the consequence divi-
sion is provided in Fig. 2-7 and Fig. 2-9.

After all possible consequences for each EaR (ckass thus for the system have been deter-
mined, loss appraises and eventually accumulatefr@tt and indirect consequences at the time
the disaster takes place. In this respect, thedotdconsequences that occur later in time have to
be discounted on basis of a properly defined distaate that is specific for each consequence
class. In this context, system vulnerability isEaR (class) specific characteristic that links the
hazard parameters directly to the loss and indicte total potential the hazard has on the EaR
(class). Thus, it indicates the physical suscdjisitnf the EaR (class) itself, its contents aslwel
as the resulting degree of disruption of its fuomdlity within the system. Consequently, the
structural vulnerability is included in the broadencept of system vulnerability.
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Fig. 2-7: The risk assessment phase [Pliefke &04l7]

The risk analysis phase terminates with the quiaatibn of risk where all the previously col-
lected information is comprised. It is distinguidheetween two different types of risk. Firstly,
risk can be calculated by taking the product ofgheual probability of occurrence of the hazard
multiplied by the expected damage that goes inwiitk it.

Structural Risk = Probability - Damad®amage measure / year] Def. (2-6)

It is being referred to as structural risk. Evidgrthe structural risk is of primary importance fo
engineers in order to predict the behaviour andrésponse of a structure or structural element
under potential hazard load. The second way toemspthe risk is to take the product of the an-
nual probability of occurrence of the hazard areddkpected loss.

Total Risk = Probability - Losg.oss unit / year] Def. (2-7)

It is being referred to as total risk. The totakrimay comprise all consequences, both tangible
and intangible, if a reasonable way has been fdondonvert the primarily non appraisable
harms into monetary units. Alternatively, this sBormation of intangible outcomes does not
need be done and the total risk can be split aowpit the respective consequence classes to
indicate their relative contribution to risk. Inyanase the total risk is more exhaustive than the
structural risk as the full hazard potential to $slgstem is taken in account.

b) Risk evaluation

Adjacent to the termination of the risk analysisqadure, the risk evaluation phase is initiated.
The purpose of risk evaluation is to make the awrsid risk comparable to other competing
risks to the system by the use of adequate risksures. In this context, so called exceedance
probability curves have found wide acceptance emamon tool to illustrate risk graphically. In
an exceedance probability curve the probability thaertain level of loss is surpassed in a spe-
cific time period is plotted against different ldgvels. Hereby, the loss to the system can be
specified in terms of monetary loss, of fatalitiesof other suitable impact measures. An insight-
ful overview of common risk measures and toolsdmpare risks is provided in [Proske 2004].
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Finally, after having analysed the risk on basiagdéquate risk measures, it may be graded into a
certain risk class, depending on individual riskceetions.

2.2.2.3 Risk treatment phase

After the risk to the predefined system has beeayard and graded into a risk class, the last
procedure of the risk management framework, thetrisatment phase, begins to operate. This
procedure is assigned to the task to create anedtlmasis for deciding about how to handle the
risk in the presence of other competing risks. Base several analytical tools from decision

mathematics, economics and public choice theodeasion whether to accept, to transfer, to
reject or to reduce a given risk can be derivedhtnlatter case, risk mitigation initiatives are

implemented. Fig. 2-8 visualises the process #ftrisatment schematically.
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Risk Acceptance

Project
Implementation

Risk Rejection
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Fig. 2-8: The risk treatment phase [Pliefke eR@D7]

If the risk is to be mitigated, decision makers alnée to choose among several opportunities to
implement a risk reduction project. All the possibisk reduction strategies have in common that
they reduce the vulnerability of the system. Dejeman the specific strategy that is chosen,

they can either reduce structural vulnerabilityifigreasing the resistance of structures or system
vulnerability by strengthening the system to recdvam the disaster as quickly as possible. The

strategies are subdivided with respect to the theeisk reduction project is implemented.

Firstly, so called pre-disaster interventions, sashprevention and preparedness, are available.
Prevention includes technical measures like strattstrengthening that are to be performed
with an accurate time horizon before the disastieed place. Typical examples are dykes against
floods or dampers against dynamic actions. Prepassdin contrast contains all social activities,
e.g. evacuation plans and emergency training,atehecessary to limit harm shortly before the
disaster takes place.

Secondly, postdisaster strategies can be pursueditice the risk. Among these, response covers
all activities that are performed immediately atfee occurrence of the disaster, such as the or-
ganisation of help and shelter for the injured &admed as well as the coordination of emer-
gency forces. Recovery on the contrary, subsumeactVities that need to be taken until the
predisaster status of the system is restored a@awiously, also a combination of the mentioned
possibilities can be applied to mitigate the riEkentually, for clarity reasons Fig. 2-9 reviews
the entire risk management framework schematically.
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2.2.3 Evaluation and integration of most common defimi&o

After the general risk management framework has begoduced in the last section, at this
point it is discussed, how the risk definitions D@f1) to Def. (2-5) have to be seen in relation
to each other. Even if the referenced authors nfigkie had different understandings in their risk
characterisations, it is shown now, how the divdmseulae can be retraced in the above de-
scribed methodology. This ambition is approachedtdaking the previously established basal
terms and definitions as a baseline for argumentaiin the following, the review of the risk
Def. (2-1) to Def. (2-5) is separated in two passagith respect to the affinity of formulation.

The Def. (2-1) and Def. (2-2) have the hazard dedvulnerability module in common, while
Def. (2-1) contains an additional exposure mukiplTherefore, Def. (2-1) is better suited for the
analysis of entire systems that are composed Hogimaangered objects (EaR) and non endan-
gered objects (EaNR) that are distributed uneveritlyin the system. Consequently, the expo-
sure term has to be included in the definition rideo to first identify the exposed elements for
which the further analysis is being performed. @2f2) on the contrary is superior in applica-
tion for risk analysis of one single structuralreént, where the exposure to the impact of the
hazard is a prerequisite for initiating the invgation. In this case, risk is sufficiently descdbe
by the product of hazard times vulnerability. Inttbalefinitions of risk it is to be specified,
whether structural vulnerability or system vulnéligbis employed to calculate the risk. If struc-
tural vulnerability is taken into consideration,fD@-1) and Def. (2-2) are conceptually identical
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to Def. (2-5), as structural vulnerability linksetthazard to the damage state of each exposed
element of system or the single EaR respectivdlysystem vulnerability is used instead,
Def. (2-1) and Def. (2-2) are analogous to risk.{2f4) as system vulnerability connects the
hazard module directly to the loss of the systenthersingle EaR. By incorporating all direct
and indirect consequences that might go in lind i disaster and transforming them to the
time the disaster takes place.

Secondly, risk Def. (2-3) to Def. (2-5) are consadkjointly as they differ in their understanding
of hazard outcome, while they have the hazard impaplicit in their probability multiplier.
There are basically two ways to interpret the pbdlig multiplier. On the one hand it can refer
to the probability that a hazard occurs, while loa dther hand the probability of an adverse out-
come, specified in terms of consequences, lossamrade could be meant. The variation in the
outcome term in contrast, is directly related te tlepth of investigation as well as the width of
demonstration.

In this respect, the use of the term consequenefn(2-3) is most general and makes a de-
tailed listing of the diverse harms to the systemcassary. The depth of analysis cannot be
judged upon based on the formula. It can eithasHiwith the determination of the physical
harm to the considered system or include the tgpactrum of adverse outcomes over time.
Therefore, Def. (2-3) is most suitable to be agplrepolitical decision processes as in this area,
it is essentially to know which parts of the systam especially endangered by the hazard and to
which extend. With this information specific taiaf risk reduction interventions can be imple-
mented to guarantee an adequate safety level thootighe population.

The use of loss (Def. (2-4)) and damage (Def. {2a5)an outcome measure however, usually
entails an evaluation of the consequences on basisuitable impact measure, and differ in the
depth of analysis. If loss is taken into accourig implicit in the definition that all possibleo-
sequences, both direct and indirect, need to bsidered and evaluated, dependent on their oc-
currence in time. Hereby, the loss can either lielisided by consequence classes, so that it is
distinguished between economic loss, loss of life er accumulated in one single number,
which entails finding a common scale of evaluatfon both tangible and intangible conse-
guences. The use of loss as an outcome indicaaredominantly advantageous in economic
considerations, where it is important for instateexpress disaster risk as a percentage of na-
tional income. Furthermore, on a loss basis itm@judged on the effectiveness of risk reduction
interventions, as the benefits in terms of reduoed can directly be incorporated in cost-benefit
analysis. Also in insurance industry it is esséntiarely on loss in the calculation of premiums
for disaster insurance.

Finally, if damage is taken to convey the outcoihe, consideration will be restricted to the
physical harm of the elements of the system. Omdyitnmediate reactions of the structures are
included in the analysis without questioning thiemhaths. Consequently, the expression of risk
in terms of damage is of primary importance in lcdrigineering, to indicate the structural be-
haviour under hazard load. Based on this considetrathe engineer can decide for instance
whether a strengthening measure of a building éeseary to reduce the structural risk. All im-
portant definitions included in the presented methagy are briefly summarised in Appendix A.

2.3 Measuringrisk
2.3.1 General remarks

On the one hand the variety of risk definitiongmrmous, on the other hand the risk measures
are based besides different assumptions. Henceyl&dge about the means of measure is very
important to judge results of risk analyses, asftiiewing simple example regarding methods
of travelling illustrates. If the number of faté$ is related to the distance of travelling (pey.
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kilometre or hour), airplanes are the safest methasd commonly known. In that case, the prob-
ability of dying is

«  4.19-10 for airplanes,

« 4.67-10 for cars and

+ 2.13.1C for trains [Proske 2004].
Moreover, it is to notice that these data compheeprobability of an accident - not necessarily
including fatalities - with the probability of dygn Thus, the numbers above cannot really be
compared, because they relate accidents to dé#bgever, more important is the general critic
regarding the means to relate the numbers to #veltdistance. Other means are suggested, for

instance to relate it to the take-offs and landirighe number of fatalities is related to the rum
ber of travelling, airplanes are the least safespartation method, as depicted in Fig. 2-10.
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Fig. 2-10: Number of fatalities per travel for @ifent means of transports [Proske 2004]

In the methodology and understanding of risk giedove, risk is defined by the product of
damage or loss and their probabilities. Subsegyetfifferent means to measure risk are listed
and briefly explained. It is distinguished betwgearameters to describe physical damage and
parameters which may be used to express the loss.

2.3.2 Damage parameters

First of all, a very famous measure, the probabdit collapse — respectively its inverse the tar-
get reliabilities - is discussed, which is includadmost building codes. This can be seen as a
very early risk-based approach. However, it isandfamage parameter. If the collapse is seen as
a single state of physical damage, the failure @odhy is the related likelihood to calculate the
risk by the definition used for this study. Thekrisould be the collapse times the failure prob-
ability, which is often not really reasonable. Maver, the collapse is only the last state in a
grading of damage states. For a reasonable rislageament it is essential to take into account
also partial damage.

Such partial physical damages can be describedldtyod parameters. In general, for structures
under seismic loading storey drift, plastic straansl stresses are commonly used for the calcula-
tions. On the real structure, damages as crackveidd displacements are of interest. Especially
for the numerical modelling of masonry, a matenadel (see Section 4.3.3.2) is used in this
study, which provides mortar damage and unit damigigst of all, in the following chapters the
basic knowledge is provided to assure a well asg aaderstanding of all used damage parame-
ters which are finally described in detail in Sent4.3.4.
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2.3.3 Loss parameters

The estimation of loss is a very difficult subjead a relative new research field still in progress
which is shown due to the suggestions and improwsmdiscussed in literature. To describe the
consequences of disasters, the physical damagmei@nas explained above can usually not be
directly used. Concerning tangible loss in thedtme itself (without inventory), the following
four parameters defined in [ASTM 1999] are quotedlsequently. The original names regarding
[ASTM 1999] are used here, despite ‘damage’ shbaldeplaced by ‘loss’ considering the above
introduced risk management concept. For instaree simplest one, the Damage RdDR as
given in Eq. (2-1), should be termed as Loss R@ti), which is defined by the repairing costs
C; and the replacement construction d@gtor also called value of a structure before thealge
occurred.

C
DR=—" Eq. (21
c a- (1)

(9

It should be less than one to ensure an econorabilgation. The Mean Damage RatDR
(or better the Mean Loss Ratio) is the expectede/lof theDR conditioned on the earthquake
intensitylg as shown in Eq. (2-2)

MDR(t) = E[DR]| I .] Eq. (2-2)

This parameter is used in the insurance industgatoulate the insurance premium. The mone-
tary consequences of the seismic structural damalgeh are related to a certain exceedance
probability in a time period, are designated aBinte LossPL. ThePL-values are determined
by means of a consistent statistical procedurechvinicludes the probability density functions of
the earthquake intensity and structural damageechlg this intensityPL-values are stated ei-
ther for return periods or exceedance probabilifiéee last parameter quoted here is the Sce-
nario LossSL, which expresses the loss in percentage of tHdibgireplacement cost caused by
seismic events from specific fault zones or ottefingd ground motions.

To describe intangible values as the loss of &itene further parameters often used in literature
are presented below. A very common and simple srtha mortality rate or the probability of
death. Similar to the failure probability, it expses only the probability of a consequence, not
the risk itself. Concerning the presented undeditenof risk, the consequence is equal to the
loss of life, which has to be multiplied by the pability of death. Since the term ‘mortality rate’
is used in medical science with a different meapiinig enhanced to speak more generally about
the probability of dying, which is usually expreddsy the ratio of number of fatalities per year
to the size of the population — normally a countiaking the German population of 82,500,000,
the probability of death due to transportation dents in Germany is 6,087. As a result, the
number of accidents divided by the population gitresquote of 7.4-10 Probabilities of dying
can be easily applied and serve acceptable rislesdbr persons. Unfortunately, the time spent
performing an activity is not contained in the pablity of dying.

By the use of the Fatal Accident RaEAR) this problem can be solved. It includes the tpee
riod spent in performing an activity. The numbefailities per unit population is then standard-
ised to an exposure time of ®lilours (approximately 11,415 years) to avoid very humbers
[Urban 2007]. As the probability of death, tRAR is used to determine acceptable levels for
human risk, neglecting the fact that also AR expresses only the probability.

The age of the people dying is not included irttedse measures mentioned above. The death of
younger persons appears to be very terrible. Froathar point of view, dying at an old age
seems usual and is accepted by the society. Tauatéor this problem Cohen developed the
Lost Life Expectancyl(LE), as published in [Cohen 1991], [Cohen 2003]. ThE relates risks
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in terms of comprehensible commonplace experiefeealculate thé.LE, the difference in the
mean life expectancy is subtracted by the meanpagele die while performing an action or
being exposed. Therefore, the death occurring matumal causes of an elderly person influ-
ences the result less than the premature deatlafreg person.

A further important social indicator that is esdlgi designed to support managing risks to life
is the Life Quality Indexl(Ql). Several sub-definitions exist. By means of ltk¥, fatalities can
be related to monetary units. This may appear irdmyrhowever expressing every type of loss in
equal units is essential to allow a comparison. dif@nges in the quality of life can be calculated
by several parameters. They depend on the typgpiication and may be roughly subdivided
into medical, social, economic and engineeringdifiality factors. Economic life quality consid-
ers productivity, life expectancy and income. Hagé¢Hagerty et al. 2001] gives a large and
widespread study, including more than twenty déferife quality indices. Regarding civil engi-
neering, the most important parameter is the eeging life quality. Originating from Nathwani
[Nathwani, Lin, Pandey 1997], it was promoted inrdpe especially by Rackwitz
[Rackwitz 2004], who applied theQl to the optimisation of acceptable risk levelstighnical
facilities. This engineering life quality is detdrmad by a function of three parameters. The main
formula is given briefly in Eq. (2-3).

w

LQl =g*v[& Eq. (2-3)

It includes the gross national produyitthe time spend in paid work (used as a life quality
measure), and the mean life expectaacy detailed improved derivation of tHeQl and his
basics can be found in [Pliefke, Peil 2008]. Ti@ is to be interpreted as an anonymous indi-
vidual utility function deriving its life qualitya unequal parts from longevity and consumption
[Pliefke, Peil 2007].

2.4 Risk evaluation

As a basis for decisions to take in the risk treathphase, the risk has to be ranked. The deci-
sion maker has to know whether a risk is high e, i it can be accepted or not. Therefore, a
grading is necessary. In the following some basiovkedge is given as well as a practicable
suggestion for a classification of masonry buildinghich is used for this study.
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Fig. 2-11: Tolerable risk as a function of sevefitglm 1996]
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To determine acceptable risk bases, Frequency-Nudibgrams (F-N-diagrams) or Probabil-
ity-Damage or (P-D diagrams) were developed (sgeZ-11). On the one hand the frequency is
used in literature, on the other hand the proligbiBometimes the authors confuse frequency
and probability. The number of fatalities is comityonsed. However, any damage or loss pa-
rameter may be used instead. The societal riskuofear power stations has been already as-
sessed until 1967 by means of the P-D diagrams;hwiiot the consequences of extreme events,
e.g. the losses versus their probability in a ldlyaric scale [Urban 2007]. Usually, the reference
time equals one year, nevertheless should alsndieated on the vertical axis. Sample results of
studies are shown in Fig. 2-11. These diagramsveelitto compare different risks, as may be
seen. In this illustration, two lines are shownjchkhare labelled marginally accepted and unac-
cepted. In Fig. 2-11 the regions of risk are presgnThe diagram displays loss as a function of
probability. Simplified, these ranges can also beduwithout dependency of probability or fre-
guencies. In [Porter 2002] the regions are desdritvbich Helm has already examined for vari-
ety of industrial and other technological hazarust ttan produce large numbers of fatalities.
Such risks go in line with the characteristics aftequakes: The society is exposed to potentially
disastrous, involuntary and occasional events. Hedeessed the tolerability of these hazards as
a function of frequency and number of deaths. Hmdoan inverse linear relationship between
the severity of damage/loss (number of deaths}eledability.

Four general regions of the frequency-versus-sgvspiace result in the graph characterise the
tolerability of risk. Helm used the expression é@lble risk’ rather than ‘acceptable risk’, be-

cause fatalities are not acceptable. RegardingdgP2002], the four regions (see Fig. 2-11), are
as follows:

* Intolerable: High frequency and severe consequesxesed local acceptability of deaths
from industrial and other accidents. In this regitiisk cannot be justified except in ex-
traordinary circumstances.”

» Possibly unjustifiable: Risk is "tolerable onlyrigk reduction is impractical or if its cost
is grossly disproportionate to the improvement gdihThis is the upper portion of the
region Helm denotes ALARP (as low as reasonablgtipable), meaning the risk is tol-
erable as long as all reasonably practical stepsaéten to reduce the risk further.

* Lower ALARP: Risk is non-negligible, but is "toldae if cost reduction would exceed
the improvement gained."

* Negligible: Below the negligibility line, frequen@nd severity are low enough for the
risk to be considered broadly acceptable.

The relationship frequency-severity-tolerability ldé€lm is useful especially for the assessment
of need risk mitigation, for several reasons thatiate below after [Porter 2002]:

» It allows one to characterise risk acceptabilitpath its dimensions of frequency and
severity.

» It acknowledges that vast grey areas of acceptabiist.

» It recognises that costs and benefits of a hazardetevant when the risk is moderate,
but become irrelevant as the risk increases.

» It acknowledges that for moderate to high-risk hdgathere is a distinction between rea-
sonable and unreasonable cost for risk reduction.

Regarding Fig. 2-11 thguestion occurs, if a decision-maker should asssksn terms of the
isolated system (over which he has control, fotainse one house), or within more extensive
range, such as considering all similar buildingst tmight be affected by the same seismic ac-
tion. The number of potential casualties in anteprake ranges from zero to the maximum oc-
cupancy of the building. For one building, thighe loss that might be controlled by the owner.
Therefore, the seismic risk should be plotted mdgbene building.
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Several further suggestions can be found in literature to grade risk. In the last time, the discus-
sion started in the field of economic and decision theory, whether such diagrams are correct. It is
neither the purpose nor the aim of this thesis to discuss such questions. Instead it seems more
relevant to suggest a reasonable way for the risk calculation. In the framework of engineering
purposes and reasons of practical efficient applicability, the separation into risk classes seems to
be meaningful. Naturally, the risk classes used depend highly on the handled problem. Here, only
the problem of seismicity related to the structural damage of masonry is focussed. Regarding this
damage, alot of damage parameters exist, as already mentioned. All may be handled in the same
way.

It is suggested here, to use damage classes - as given by the macro intensity scales like the Euro-
pean Macroseismic Scale (EM S-98) (see Tab. 3-3) - to calculate the risk. For every damage class
the related risk can be calculated, by multiplying the value of the damage parameter with the
probability that the damage occurs. It is to take care specialy for the calibration of damage pa-
rameters to the damage classes of EMS-98, because it describes only the macro state of a build-
ing, not the values of such damage parameters itself. Lang proposes to use the push over curve
for a grading of damages classes [Lang 2002] as depicted in Fig. 2-12. More details are given in
Chap. 8.
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Fig. 2-12: Connection of the EM S-98 damage to a pushover curve [Lang 2002]

25 Summary

First of al, concerning catastrophes and actual trends, some reasons to apply the risk manage-
ment as well as the importance of uncertainties in this context are shown. Especialy the differ-
ence between developing and industria countries is elaborated, which indicates the necessity of
improved seismic design and the application of rehabilitation measures in developing and newly
industria countries. In Section 2.2 it is demonstrated how widely the definitions and understand-
ings of the term risk can range. Applied across various disciplines and often used in multidisci-
plinary collaborations, so far no consistency in delineating the borders of disaster risk could be
reached. By providing some exemplary risk definitions out of literature and extracting classes of
risk calculation formulae, it is shown that the heterogeneity of risk definitions is mainly due to
different understandings of the basic terms hazard, vulnerability, exposure, consequences, dam-
age and loss. These terms that occur repeatedly throughout the diverse risk definitions, are often
used interchangeably and so far no clear concept to distinguish the terms from each other has
been developed. This lack of a harmonised concept is addressed by introducing a clear and flexi-
ble risk management framework that provides assistance in anaysing, comparing and treating
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disaster risk. Each step in this chain is precidefined and graphically illustrated, leaving some
range for problem specific modifications. Finaltize initially listed risk definitions are inte-
grated in the concept and their interrelationssti@wn. It is illustrated how the definitions vary
with respect to the object or system under conatier and differ in the depth of analysis as
well as the level of detail. To conclude, the gisestvhich formula to use depends strongly on
the field of application, which makes it necessargmphasise certain aspects of the risk com-
position. Therefore, none of the risk formulae banshown to be superior to another and even
less to be universal. However a ‘communicationhi@ $ame language’ is indispensable for an
efficient multidisciplinary collaboration in implesnting all the sub-steps of the risk manage-
ment chain. Some parameters and tools to measdrgrade risk are summarised. Regarding an
efficient and practicable calculation of risk, teeparation into risk classes on the base of the
EMS-98 is recommended.
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3 Earthquakes and structural response

3 Earthquakesand structural response
3.1 General remarks

Hazards associated with earthquakes are referrad seismic hazards commonly, which can be
subdivided into ground shaking, structural hazalidsefaction, landslide, lifeline hazards, tsu-
namis etc. In fact, ground shaking can be consitierde the most important of all seismic haz-
ards because all the other hazards are causedbgdyshaking [Kramer 1996].Thus, this work
focuses on ground shaking leading to structurahithz

Seismic hazards can be caused by volcanic actndtigpse of underground cavities, artificial
events (explosions) and reservoir induced quakes.tfese reasons are usually neglected in
earthquake hazard analysis because of the smatjyeaed local limitation. The main part of
seismic hazards is caused by plate tectonic. Omobedaries of major plates and microplates
deformations leads to such tectonically causedgaakes (see Fig. 3-1). Ruptures of the earth’s
crust go in line with a sudden release of energy theates seismic waves. These waves are dis-
tinguished regarding the propagation and transadijpe as well as their velocity. The main
categories are body and surface waves. Body wawtgsh can travel trough the interior of the
earth, are subdivided in p-waves (analogous to daeueves and involves successive compres-
sion and rarefaction of the material) and s-wacasige shearing deformations). The s-waves are
further subdivided into SV and SH, regarding veitiend horizontal direction of particle move-
ment. Surface waves result from the interactionvbeh body waves and the surface and travel
along the earth’s surface. They are subdividedagl€tgh waves (which are analogous to water
waves and are produced by interaction of p- andv@ves) and Love waves. The last result from
the interaction of SH-waves with a soft surficeyér.

Fig. 3-1: Preliminary determination of epicent&88 214 events from 1963 until 1998 with
all magnitudes [NOAA, USGS 1996]

The point where the rupture begins is called hyptareor source (Fig. 3-2). From there the rup-
ture spreads across the fault. Although fault ngottan extend through the surface, the source is
located at some hypocentral depth or focal deptbwbéhe ground surface. The point directly
above the source on the ground surface is callegmpe. The observer or receptor somewhere
on the surface, for instance a building, is of materest in the hazard analysis. The distance
between this receptor and the hypocenter is cdilgabcentral distance. The very common
source-pathway-receptor model divides the seismazatd into three components of source,
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3 Earthquakes and structural response

pathway and site effects. Source effects contaichar@sms occurring directly at the fault. The
distance and medium through which the event prapage.g. influence of subsoil and ground
conditions) are included in the pathway. Finale teceptor includes all local site effects as well
as parameters describing the exposure and the ofthe structure.

Epicentre Epicentral

—
Intensity 1, \‘ Distance A
Building S
Surfaco Intensity | P

L — P
—_—— — == AS —— S =

=3 Y — < <

?o_ Different layers of
— - soil O —_—
—o

+——Focal depth h

Source / Hypocentre————'

Fault Plane ———

Fig. 3-2: Source pathway receptor model [Urban 2007

Regarding these three components of the sourcevpgtteceptor model the uncertainties in-

volved in the seismic hazard analysis may alsoistinduished in three main groups, which are
summarised in Tab. 3-1.

Type of uncertainties Examples

Source uncertainties Fault type, depth, rupturdéasar location
magnitude, occurrence time, occurrence|in-
terval, seismic history, geology

Path uncertainties Distance, regional soil typenaiation func-
tion
Site uncertainties Local soil profile, topography

Tab. 3-1: Different types of uncertainties in egrtake engineering

Usually it is distinguished between low and higissecity. In zones of low seismicity usually
small damages - leading mainly to economic and @4S- occur, but the cost can be very high.
Thus, a reduction of damage is very interestingy Veégh damage, collapse or partial collapse
go in line with high seismicity and causes in addita high human loss. Therefore, the main
task is to avoid complete or partial collapse & #tructure. Of course the damage and loss not
only depend on the low or high seismicity, but asathe structures. In developing countries, an

earthquake of similar intensity often causes mughdr human loss, as in high developed coun-
tries.

In [Eurocode 8] the following suggestion is givem & distinction of the seismicity:

‘It is recommended to consider as low seismicityesaeither those in which the design ground

acceleration on type A grounal, is not greater than 0.08 g (0.78 fysr those where the prod-
uctag-Sis not greater than 0.1 g (0.98 /s
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3 Earthquakes and structural response

In the recent German Standard [DIN 4149] the makioesign ground acceleratioay of

0.8 m/s2 on type A ground is given. So, the Germanthquake zones belong nearly to the low
seismicity zones. Here, the main interest is taicecor avoid damage. In zones of high seismic-
ity, like Italy or Turkey, also the avoidance oflapse is an important task.

Earthquakes are characterized by their extremeorandss. Not only the seismic event itself is
uncertain, but also the main parameters to desdribimerous intensity parameters exist, that
intend to describe the severity of an earthquakmesare already mentioned above. The describ-
ing parameters have to be assessed. In the foljpsubchapter, the most important parameters
are briefly explained, based mainly on the infoioratgiven in [Meskouris, Hinzen 2003],
[Kramer 1996] and [Pocanschi, Phocas 2003].

3.2 Description of earthquakes

The engineering seismology parameters can be rputtinguished into parameters which are
related to the receptor (site) and parametersectlad the source. So, the magnitudes and the
seismic moment try to quantify the earthquake #gtiat the source, however the intensity is a
macroscopic measure of the vibration on the site.

3.2.1 Magnitudes and seismic moment

The magnitude is commonly referred in the media ssidntific publications. Different types of
magnitudes exist. Very often used in media is tighter magnitudeM,, which is usually re-
ferred to as local magnitude in scientific publicas. Relaying on a database of earthquakes in
California, Richter has derived an empirical reatiThe Richter local magnitude is not directly
related to physical characteristics of the earthgisasource and it was originally developed for
epicentral distance below 600 kilometres and oafytlie Wood-Anderson seismometer used by
Richter.

M_ =log,, A=logy, A, Eq. (3-1)

Ais the maximum recorded amplitude of measuredrgtalisplacement and, a standard value
as a function of distance. Furthermdvk, does not distinguish between different types ofesa
Due to the drawbacks of the local magnitude, furthagnitudes mentioned below have been
developed.

The surface wave magnitudi is obtained from
Mg =log,, A+ 166og,,A+ 20 Eqg. (3-2)

whereA is the maximum ground displacement in micromea@idA is the epicentral distance of
the seismometels is a magnitude scale based on the maximum groispthdement amplitude

of Rayleigh waves. Therefore, it can be determifi@in any type of seismograph. For
deep-focus earthquakes, surface waves are oftesmab to attain a reliable evaluationf.

The body wave magnituds, is a worldwide magnitude scale based on the angdibf the first
cycles of p-waves which are not strongly influenbgdhe focal depth.

m, = log,, A-log,, T ++001A+ 59 Eq. (3-3)
whereA is the p-wave amplitude in micrometers ani the period of p-waves. Moreover, the

Energy MagnitudeMg (which is related to the wave energy) and the MuniMagnitudeM,,
(calculated by means of the seismic monidgjt shall be briefly mentioned only. All these mag-
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nitudes are not related to each other. A comparisstween the different magnitudes may be
found in [Kramer 1996].

The parameter most closely related to the fawdffiis the seismic momemd, representing the
physical strength of an earthquake:

M, =GIA, D, Eq. (3-4)

whereG is the shear modulus near the rupture &emdD the average amount of slip over the
fault plane My is strongly correlated to the magnitude.

3.2.2 Amplitude parameters

The most common way to describe a ground motievitis the time history. The motion parame-
ters may be acceleration, velocity and displacer(sa# Fig. 3-3). Only one of these is measured
typically with the others computed by differentiatior integration. The maxima of these time
histories are called peak ground acceleration (RG&pk ground velocity (PGV) and peak
ground deformation (PGD).
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Fig. 3-3: Time histories of acceleration, velodatyd displacement of the Friuli earthquake of
1976 (ltaly)
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3.2.3 Duration

Intuitively, the duration should have a consideeagffect on the damage. So, it can be argued
that many physical processes, such as degraddtistiffoess and strength would lead to higher
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damages. Nevertheless, the general scientific pobafs importance is to some degrees still

missing. The discussion is somewhat confused siegeral measures for the time duration are
used in literature. For engineering purpose, oméydtrong-motion portion of the load is of inter-

est. So, different approaches have been takeretprtiblem of evaluating the duration of strong

motion. In the following some important definitioase explained.

The significant duratiolses is defined widely and was already defined as ithe between 5%
and 95% of the Arias intensity, which is visualizeded in Fig. 3-4. Sometimes the value being
referred to isDg7s5 including only the time between 5% and 75%. Theeatriype of time, the
bracketed duratioDy 05 is defined as the time interval between the firedl last exceedance of
a given threshold, usually taken as 0.05g. Relat¢he latter measure is the uniform distribution
D., which is defined as the sum of time intervalsv/hiich the threshold is exceeded.
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Fig. 3-4: Arias intensity in dependency on the tiofiehe Friuli earthquake of 1976 (lItaly)

3.2.4 Intensity

First of all, the different intensity definitionsytto capture the seismic activity at the siter@r
ceptor). Roughly it can be distinguished betwesretdomain parameters and damage intensity
scales, which are explained in the following twbchapters.

3.2.4.1 Time domain
An important value defined by Arias in 1970 andduBequently is the Arias intensiy:

L -
M=o qo.ag(t)dt Eq. (3-5)

where g is the acceleration of gravigy,the ground acceleration aiig the total duration of the
record. ThusAl is independent from the method to define the dwmadf strong motion. It is
shown in [Urban 2007] that this measure is veryl weirelated with the structural damage be-
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cause it takes into account the intensity of PGé&ravperiod of time. The characteristic intensity
I, is defined as [Park, Ang 1985]:

lo = (@) QT Eq. (3:6)

wherea;s is the root mean square of the accelerationTaritle durationl. is related linearly to
an index of structural damage due to maximum dedtions and absorbed hysteretic energy.

3.2.4.2 Damage intensity scales

Seismic intensity scales are not determined bypthysical parameters, but rather from the dam-
age caused to structures or the behaviour of abjeithin a building and the way it is perceived
by human beings. Different intensity scales exisEurope. The most common are the Modified
Mercalli Intensity (MMI) scale [Wood, Neumann 1931the Medvedev-Sponheuer-Karnik
(MSK) scale and the European Macroseismic ScaleSP®8) [Griinthal 1998], which is used in
this study. Therefore only this scale is mentioiredetail (see Tab. 3-2 and Tab. 3-3). Further
intensity scales for earthquakes are the Rossitsmae (RF) and Japanese Meteorological
Agency scale (JMA) The four scales are graphiaadiypared in Fig. 3-5.

EMS | Definition Description of typical observed effects (abstrarted
intensity

| Not felt Not felt.

1l Scarcely felt | Felt only by very few individuaepple at rest in houses.

1 Weak Felt indoors by a few people. People at feel a swaying or light trembling.

v Largely ob- |Felt indoors by many people, outdoors by very fAwfew people are awakened.
served Windows, doors and dishes rattle.

\% Strong Felt indoors by most, outdoors by few. Masteeping people awake. A few are

frightened. Buildings tremble throughout. Hanginbjexts swing considerably.
Small objects are shifted. Doors and windows swaipen or shut.

VI Slightly dam- | Many people are frightened and run outdoors. Sojects fall. Many houses suffer
aging slight non-structural damage like hair-line craaksl fall of small pieces of plaster,

Vil Damaging Most people are frightened and rundoots. Furniture is shifted and objects fall
from shelves in large numbers. Many well built oatiy buildings suffer moderate
damage: small cracks in walls, fall of plaster,tpaf chimneys fall down; older
buildings may show large cracks in walls and failof fill-in walls.

VI Heavily dam- | Many people find it difficult to stand. Many houdesve large cracks in walls. A few
aging well built ordinary buildings show serious failuoé walls, while weak older strug-
tures may collapse.

IX Destructive General panic. Many weak construtdicollapse. Even well built ordinary buildings
show very heavy damage: serious failure of walts gartial structural failure.

X Very destruc- | Many ordinary well built buildings collapse.
tive
Xl Devastating Most ordinary well built building®ltapse, even some with good earthquake resis-

tant design are destroyed.

Xl Completely | Almost all buildings are destroyed.
devastating

Tab. 3-2: European Macroseismic Scale (EMS-98%sifigation of intensity Description of
typical observed effects [Griinthal 1998]
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Grade 1: Negligible to slight damage

(no structural damage, slight non-structural damage)

Hair-line cracks in very few walls.

Fall of small pieces of plaster only.

Fall of loose stones from upper parts of buildigsery few cases

Grade 2: Moder ate damage

(slight structural damage, moder ate non-structural damage)
Cracks in many walls.

Fall of fairly large pieces of plaster.

Partial collapse of chimneys.

Grade 3: Substantial to heavy damage

(moderate structural damage, heavy non-structural damage)
Large and extensive cracks in most walls.

Roof tiles detach. Chimneys fracture at the rawd;lifailure of indi-
vidual non-structural elements (partitions, gabédlsy.

Grade 4: Very heavy damage

(heavy structural damage, very heavy non-structural damage)
Serious failure of walls.
Partial structural failure of roofs and floors.

Grade5: Destruction

(very heavy structural damage)
Total or near total collapse.

Tab. 3-3: Classification of damage to masonry bngd [Grinthal 1998]
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Fig. 3-5: Comparison of European Macroseismic St888 (EMS), Modified Mercalli In-
tensity scale (MMI), Rossi-Forel (RF) and Japardseeorological Agency (JMA) [Mesk-
ouris, Hinzen 2003]
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3.2.5 Frequency content parameters

The dynamic response of structures is very seesitithe frequency at which they are loaded.
Earthquakes produce complicated loading with coraptsof motion that span a broad range of
frequency. The frequency content describes howathplitude of ground motion is distributed
among different frequencies. This can be done bgnma®f tools as the Fourier spectra, power
spectra and some more which will not be furthed@rpd here. Only the response spectra - used
extensively on earthquake engineering practice elsas in this study - is described in the fol-
lowing. Within the frequency domain all measures ralated to the frequency content of a given
time history. It is important to keep in mind thiasponse spectra are developed by determining
the absolute maximum values of a single-degregeafdom (SDOF) system with viscous damp-
ing as shown in Fig. 3-6. Further basics are gimeSection 3.4. The very famous equation of
motion - here given in Eq. (3-12) - is solved usihg Duhamel integral resulting in the follow-
ing expression determining the spectral displacer&grwhich is the absolute maximum of the
relative top displacement of the integral in Eq7§3or the SDOF system.

Se(t) = Uy (t) = —a% [0 (e sinfutt - Dldr Eq. (3-7)

Hereu, w and¢ are the displacement, the natural frequency andatmgamping of the SDOF
system. Now, since the integral term has the unit/s, it may be seen as a velocity. This value
is also called pseudospectral velo&yand may be determined as follows:

Sy = [t ()& ™ sin[ext - 7)]dr Eq. (3-8)

O t—y

Using Eq. (3-7) and Eq. (3-8) and including theyasispectral acceleratid®, a relationship
between the three components may be derived:

S, = &S, = 48, Eq. (3-9)

Spectral acceleration is not to confuse with peakigd acceleration (PGA). PGA is what is ex-

perienced by a particle on the ground. Spectradlacation is approximately what is experienced
by a building, as modelled by a particle on a nesssVertical rod having the same natural period
of vibration as the building. The pseudospectrédaity is not the same as the absolute velocity
spectrum. A full solution for the velocity wouldese Eq. (3-10).

Uy (1) = ~¢awll, (1) = j Uiy (7)) cosfalt - 7)]d7 # a6, Eg. (3-10)

Nevertheless, pseudo values may easily be apflief, S, Spectra and in combination. The
most famous one is the spectral acceleration diagvhich used to present the response spectra
of the many standards. To show easily a lot importharacteristics of an earthquake the spec-
tral velocity is often used. In the capacity spactrmethod, spectral acceleration and spectral
displacement are coupled in tBgS;-diagram, also called Acceleration DisplacementpRase
Spectra (ADRS) diagram.

3.3 Earthquakerecords

The prediction of different levels of ground motiand shaking intensities is the major task haz-
ard analysis. Time records to describe earthquakeslready shown in Fig. 3-3. Such can be
measurements of natural earthquakes or artifi@abgated earthquake records.
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Recordings of natural earthquakes are available online at severd databases. Still, those records
are not always of the magnitude, distance or soil conditions which are to be considered in the
structural analysis. Additionaly, it is sometimes unknown, whether the records are filtered or
modulated. Since for this work a large number of different records is going to be needed, the
approaches for the applied generations of artificia accelerograms are briefly explained in the
following.

For the generation of artificial accelerograms several agorithms exist. In general, they al base
on a given response or power spectrum and are created as an inverse Fourier transformation
which is then modulated, filtered and iteratively fitted to the given spectrum. An easy and com-
mon way in the generation of artificial accelerograms is the summation of different harmonic
waves with randomly varying phase angle. Further methods are the modulation white noise and
non-stationary approaches. The methods are summarised, compared and described more in depth
in [Urban 2007]. For the purpose of this study random phase angle generation is sufficient. The
approach is already implemented in programmed codes by [Meskouris, Hinzen 2003] and can be
used in combination with the target spectra given in modern codes as[DIN 4149].

3.4 Structural dynamic

Some basics of the structural dynamic will be briefly mentioned. A deeper explanation is given
in literatures, for instance [Link 2002], [Kramer 1996] and [Meskouris, Hinzen 2003].

3.4.1 Single-degree-of-freedom system

The basics of the structural dynamic can be easily described by means of the sin-
gle-degree-of-freedom (SDOF) system which is shown in Fig. 3-6. With special regard to earth-
quakes, it is |oaded with a base point excitation, here a ground displacement ug. In some methods
(e.g. response spectra method) the structure is simplified as a SDOF system to calculate the
structural response, which can be the displacement u.
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Fig. 3-6: Damped single-degree-of-freedom (SDOF) system with base point excitation

The relative displacement uy - sSimply calculated by Eq. (3-11) - is of greater importance as the
absolute displacement of the structure, because it does not include the ground motion.

Ug =U—U, Eq. (3-11)

When adynamic load is applied to the mass of the system, the tendency for motion is resisted by
the inertia of the mass and by forces that develop in the dashpot and spring. The equation of mo-
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tion can be derived with a simple force equilibriamd so easily expressed in terms of the dy-
namic equilibrium of those forces as in Eqg. (3-12)describes the dynamic behaviour of the
SDOF system with base point excitation:

m[jrel +Cdurel + I(surel = _nﬂg Eq (3'12)
where m is the massy is the damping coefficient of dashpot d@ds the stiffness of the spring.
Dividing by m, the equation of motion is often expressed instaedard formulation as shown in
Eq. (3-13).

l.‘irel + 2Q(Cd‘]rel + a)zure| =-U Eq (3'13)

]

The natural frequenay and the damping ratidare used in this standard expression.

3.4.2 Damping

In real systems, energy is lost as a result ofidnc heat generation or other physical mecha-
nisms, which dissipate energy. Therefore, the Wibeation of response amplitude of a damped
SDOF system will diminish with time. A huge amouwrfitdamping types exists. Regarding this
work the structural damping is significant, whiodldngs to the inner damping and is caused by
material damping and damping in the surfaces ofamnNormally the sum of all damping ef-
fects can be described with sufficient accuracynt®ans of the viscous damping formulation,
which is proportional to the velocity and easy tndile. This term of damping is shown in
Eq. (3-12).

Damping can be implemented in numerical modellmdifferent ways. A very common method
is the application of the Rayleigh damping. The etioal programs used in this study base also
on this method, in which the damping matrix canbbeken into a component proportional to
mass matrix and a component proportional to thHénesis matrix. So, the Rayleigh damping is
described by a mass damping coefficierand a stiffness damping coefficight The damping
matrix is calculated by using these constants tdtipiyi the mass matrix and stiffness matrix.
The damping ratio may be determined for each naftequencyw; for a particular vibration
modei by means of Eq. (3-14).

_a Bla, ;
{‘_ZD@ e Eq. (3-14)

Constant factors over the frequency range of istarey be evaluated by Eq. (3-15). It contains
the damping for the lowest (I) and highest (h) érecy and their corresponding damping in-
cluded in this study.

_ 21416 -2, [,
of —af

The damping ratio and the influence of mass dampirnich is decreasing with increasing fre-
guency and the importance of increasing stiffnedseta damping is shown in Fig. 3-7. The final
values ofa andg were chosen for masonry in general and to repteskger range of damping

ratio for a great frequency range, which basesrewniqus studies of [Urban 2007].

B Eq. (3-15)
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Damping ratio over frequency
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Fig. 3-7: Rayleigh damping versus structural freguyelUrban 2007]

3.5 Correlation between strong motion parameters and structural damage

Strong motion parameters describe the strengtim eaathquake. Some of them are explained in
Section 3.2. In a previous study [Urban 2007] idlieady investigated, whether correlation be-
tween strong motion parameters and structural daméghe mainly applied masonry material
model [Gambarotta, Lagomarsino 1997b] (see Sedti®r3.2) can be observed, and whether it
goes in line with literature regarding other magamaterial models. The damage parameters are
already introduced in Section 2.3.2. In [Urban 2087d [Urban et al. 2006] a huge amount of
strong motion parameters is taken into accountrdfer to assess the strong motions effects, a
numerical transient sample study was performedréfbee, an artificial earthquake was gener-
ated. This accelerogram will be referred to asdearthquake. The length of this basic accelero-
gram was set to eleven seconds with a linearlyeaming intensity function during the first sec-
ond and a decreasing one in the last second. Afsaundred earthquakes was created by
multiplying the amplitudes of the root earthquakefdctors 0.5 to 5.0 in steps of 0.5 and chang-
ing the length of the accelerogram from two secdondsleven seconds in steps of one second.
The set of hundred earthquakes was then applititetinite element model of a wall with vary-
ing height, i.e. different first natural frequerei@nging from 1 Hz to 10 Hz [Urban, Sperbeck,
Peil 2006]. To include the natural variation, thedy was not only performed for one ‘root’
earthquake, but also hundred time histories weckided additionally, of which thirty were
natural recordings and seventy were artificial odeseloped with different algorithms. Two
thousand calculations were evaluated to achievedhelations. The extension from one basic
earthquake to hundred basics earthquakes hasaubtdelifferent correlations.

It can be concluded, that reasonable correlatioese vevidenced. Thus, the material model is
able to predict the structural damage in a realistly. The results go mainly in line with the

literature. Only the scatter of damage for loweqfrencies resulted higher. This is in contrast to
the results presented by [Bommer et al. 2004a]usscthe material model used there is focused
on shear failure, whereas the model applied helledes also the failure due to tension, which
governs for low frequencies. If only the damage tueshear was taken into account, similar
results would be obtained. The result shows thewatdge of the material model used here. As it
should be expected, the parameters to describgtribregth of the earthquake are well correlated
with the structural damage parameters. Quite oftehigh correlation is achieved, as it can be
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seen especially for high frequencies. This is duthé fact that the rank order correlation coeffi-
cient was used. Specifically the Arias Intensityrelates most constantly over the considered
frequencies. The duration has also a significamgaich on the damage (see Fig. 3-8 left). With
the given results it can be also concluded, thattis task it is sufficient to provide estimatds o
duration and PGA in order to assess the probasilitif damage. The relation of these strong
motion parameters and the damage are presentégl. id-8.
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Fig. 3-8: Rank Order Correlations of Maximum Morizamage and Uniform Duration with
0.05¢ threshold for the full range of simulatiobkljan, Sperbeck, Peil 2006]

Another important parameter was the natural frequerf the structure itself. Thus, not only the
intensity but also the duration and the naturajdency are varied for the probabilistic analyses
in this study. Moreover, the presented method ty wabasic accelerogram by means of a factor
to implement the different strength of earthquakesis to realistic results. Anyway, to be on the
safe side in this study, different basic earthqeake used. In detail, another basic earthquake is
generated for every duration. It is further expéairin Section 3.6.

3.6 Probability of earthquake loading

As already mentioned, this thesis does not focutherhazard analysis. This is already done in
previous works on which this study is based. Nénadeiss, the hazard analysis is integrated and
described in the following. First of all, some l&sregarding the assessment of seismic prob-
abilities are mentioned and briefly discussed. €after, the probability of intensity is given for
the region of Aachen investigated in this study.

3.6.1 General remarks

The scope of an advanced hazard analysis is tartekaccount the uncertainties and to describe
the probability of exceedance, finally given innerof probability density functions for further
analyses as damage assessment. The current Geendard [DIN 4149] or the European code
[Eurocode 8] take into account only the return getiof 475 years, which corresponds to a prob-
ability of exceedance of 10% in 50 years (see &d.6)). For the different regions (earthquake
zones) only one value of design ground acceleratiassigned. Thus, the scattering of earth-
guake strength is neither included in the retumopenor in the acceleration. Regarding these
drawbacks, more methods are necessary to genexi@dod a reasonable hazard analysis in the
framework of risk management. The best valid cohiethe probabilistic seismic hazard analy-
sis PSHA, which is able to estimate probabilitiéseurrence of ground motion characteristics.
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In general, to estimate the probability of exce@ega, of an event regarding the design working
life T_ of the structure the relation given in Eq. (3-Eo)ised:

T

P =1-e™ Eq. (3-16)

whereTgr is the return period of the event. If the desigrking life is set equal to 100 years and
the probability of exceedance has to be below 10%00 years, this correspond to a return pe-
riod of 950 years. The annual probability of exa@eezt can be calculated by usifig= 1 year or

by means of Eq. (3-17).

-1 Eq. (3-17
Pex T g. (3-17)

As already introduced at the beginning of this ¢bapifferent types of uncertainties in earth-
guake engineering exist. They are summarized in 3dband they can be taken into account by
means of the source-pathway-receptor model (see3fy which is used in many different
methods to carry out extending hazard analyses.nidéteods mainly differ in the laws used to
describe the uncertainties. The general commorepoe and the fundamentals of PSHA meth-
odologies described in the following are based fen well-established method developed and
first published in [Cornell 1968] and explained man detail in [Kramer 1996]. The similarities
may be generalised in four steps, which are sunzedrin the following and depicted in
Fig. 3-9.

In the first step, the earthquake source is idiectibnd characterised by means of probability
distributions of potential rupture locations wittime source. In most cases, uniform probability
distributions are assigned to each zone, implyiveg earthquakes are equally likely to occur at
any point within the source zone. These distrimgiare then combined with the source geome-
try to obtain the corresponding probability distitions of source-to-site distance.
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Fig. 3-9: Steps of probabilistic seismic hazardeassent [Kramer 1996]

In the next step, the temporal distribution of lequiake recurrence is characterised. A recurrence
relationship, which specifies the average rate lsichvan earthquake of some size will be ex-
ceeded, is used to characterise the seismicitpdf source zone. This is done by means of dis-
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3 Earthquakes and structural response

tributions of the magnitude, which may be descritredifferent ways. The most common is the
Gutenberg-Richter relationship - given in Eq. (3-8 which is extended to the Guten-
berg-Richter recurrence law. The use differs in ifications to account for minimum and
maximum magnitudes.

logA, =a-bm Eq. (3-18)

The mean annual rate of exceedahgef an earthquake of magnitudeis calculated using the
seismic constanta andb, which are determined for each region by a contlinaof historical
earthquake data and modern instrumental recordsth&nway is the description with Extreme
Value Distribution Type Ill, which is sometimes eefed to as Inverse Weibull distribution
[Sanchez-Silva, Rackwitz 2004]. The probabilityoaturrence for the magnitud,(m) is cal-
culated as depicted in Eq. (3-19) [Rackwitz 2006]:

[Mmax_m]k ('vlmax_’vlmin]k
exg - —expg -

Mmax_w Mmax_w
Fu (m) = P

Eqg. (3-19)

whereMmax is the upper magnitude aMii, is the lowest magnitude. The constamtandk de-
scribe the shape of the graph and are thus detedniy the maximum likelihood method to best
fit the observed data of seismicity in the givegioa. In Fig. 3-10 the annual exceedance prob-
abilities of the magnitude for different regionse ashown, which base on data quoted by
[Rackwitz 2006] and [Urban 2007]. A comparison afténberg-Richter relationship and Weibull
distribution is given in [Urban, Sperbeck, Peil 8D@nd [Urban 2007].

1,0E+0:

—k=8.11, w=4.35 [Rackwitz]

L.OE+013 — k=4.5, w=1 [Urban]
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Fig. 3-10: Annual exceedance probabilities of ttegnitude for different regions

In step 3, the ground motion produced at the sitedsthquakes of any possible size occurring at
any possible point in each source zone must berdeted with the use of predictive relation-
ships. The uncertainty inherent in the predictiglationship is also considered in a PSHA. The
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uncertainty in these ground motions is a functibthe scatter in the database from which the
predictive relationships were developed.

In the last step, the uncertainties in earthquakation, earthquake size and ground motion pa-
rameter prediction are combined to obtain the prditathat the ground motion parameter will
be exceeded during a particular time period. Tleeefstandard methods of probabilistic analy-
sis can be used to combine these quantified unicges Because of the complex and empirical
nature of the probability density functions, exceezk probabilities are usually computed by
numerical rather then analytical methods. The amyupnf PSHA depends on the accuracy with
which uncertainty in earthquake size, locationuregnce, and effects can be characterised.

For many PSHA methods it is highly recommendedtaaise probabilities of occurrence less
than 10° [Schmitt 2005], [Bommer et al. 2004b], [AbrahamsSitva 1997]. Also, if dealt with
very low annual exceedance rates, the PSHA wilagiinvolve a large degree of expert judge-
ment [Bommer et al. 2004b]. Regarding the applicagxamples of PSHA methods, the inter-
ested reader is referred to [Schmitt 2004], [Sanibvza, Rackwitz 2004], [Simeonova et
al. 2006], [Rackwitz 2006], [Urban, Sperbeck, RP&i06] and [Urban 2007].

3.6.2 Probability assessment for an endangered regiomgianhd motion estimation

In the framework of a hazard analysis, the resaflts PSHA carried out by the Institute for Geo-
sciences and Natural Resources Hannover [Schn#]28nd [Schmitt 2005] are used. In this
PSHA a method is utilized which deduces the causaiurces, characteristics, and ground mo-
tions for future earthquakes. The analysis mettamiols based on the conception that the seis-
mic hazard at a site is a function of three maimponents: the space geometry of seismic
sources, the characteristics and statistics of g@smicity and the attenuation of intensity. The
resulting hazard at a specified site is obtainednbggrating the effects of ground motion from
earthquakes of different size occurring at diffedecations within different seismic source re-
gions and with different frequencies of occurrefsieneonova et al. 2006]. For the investigated
region of Aachen, the PSHA leads to results shawfig. 3-11 by means of the seismic hazard
curve for the intensity and summarised in Tab. 3-4.
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Fig. 3-11: Seismic hazard curve for Aachen, Gernj&cymitt 2005]
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The relation between Intensity aR&GA is determined subjected to Murphy and O’Brien @s d
fined in Eq. (3-20), recommend and applied in [MisR006].

PGA=1.778010%" Eq. (3-20)

In Tab. 3-4 all values are summarized. An invesiigaof the whole range of probabilities — as
given by the curve in Fig. 3-11 — in structural lggs by means of probabilistic transient analy-
sis is not reasonable, since many small earthquakésh occur with high probability do not
lead to damages. Hence, a huge number of transaémilations is redundant, while not leading
to damage. Thus, the following new method is suggeand applied in this study. A minimum
threshold is selected which is reasonably fittedhi investigated structure. Therefore, in this
work the minimum threshold corresponds to a repemod of 475 years, and the maximum to a
return period of 10000 years, which belongs tordmmmmended minimal probability as quoted
above. Moreover, a return period of 2000 yearsseduwvith the aim to approximate finally fra-
gility curves as result of the risk based analysiShap. 8.

Return period _Annual probabil- _Annual probabil- Intensity| PGA
ity of exceedanceity of exceedance

[a] [-] [%0] [MSK] | [m/s?]
50 0.0200 2.00 5.30 0.38
100 0.0100 1.00 5.85 0.52
475 0.0021 0.21 6.85 0.92
1000 0.0010 0.10 7.25 1.15
2000 0.0005 0.05 7.55 1.37
10000 0.0001 0.01 8.15 1.94

Tab. 3-4: Seismic hazard data regarding for thenegf Aachen, Germany [Schmitt 2005]

For this study transient analyses are performeel Geap. 6, 7 and 8). Therefore, time histories
are necessary. The PGAs given in Tab. 3-4 are tasgdnerate one scaled aim response spectra
in accordance to [DIN 4149] for each return perafdinterest as recommended by [Mistler
2006]. The geological ground type R in combinatidgth foundation soil type C is used. Corre-
sponding to each aim response spectra, four tisteries are artificially generated, which differ

in duration and characteristics. For the returrigogethe data are given in the following as the
pseudo-velocity diagrams (see Fig. 3-12), the spkccceleration diagrams is depicted in
Fig. 3-13, finally the different durations and @sponding parameters of each time history are
given in Tab. 3-5. All diagrams and tables relatedhe return periods of 2000 and 10000 years
are printed in Appendix B.
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Fig. 3-12: Pseudo-velocity diagram, return peribd @b years

As shown in Fig. 3-12 and Fig. 3-13 the artifioignerated earthquakes scatter around the aim
spectra. Moreover, in the probabilistic transiemictural analyses the time histories scatter by
means of a scaling factor, within a range of a @wgral distribution with standard deviation 0.5
and a mean value of 1.0 — normalized value. In @erwe with [Rackwitz 2006], [Hosser et
al. 1986] and several other authors the resporeseirspscatter in a range defined by a lognormal
distribution with a standard deviation of 0.6. hettransient structural analyses for the time his-
tories scattering a standard deviation of 0.5 seh, since small variation of the generated ac-
celerograms already exist. Both together lead $taadard deviation of 0.6 as recommended by
the quoted literature. This is also shown in Fid23and Fig. 3-13, where the dashed red line
depicts the standard deviation of 0.6 and dashedsuepresent the earthquake scaled by a fac-
tor of 0.5.
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Fig. 3-13: Spectral acceleration diagram, retumopeof 475 years

over-| | creas-| Start of Steadyl Simula- Uniform | Significant| Arias
No. _aII ing time de_creas- phase| tion stop Duration | Duration | Intensity

time ing Duo.15 Dsos Al

[s] [s] [s] [s] [s] [s] [s] [m/s]
1 10 1.5 6 4.5 8 4.8 6.0 0.125p
2 10 15 7 5.5 9 5.6 6.5 0.1499
3 10 15 8 6.5 9 5.8 7.0 0.1429
4 10 15 9 7.5 10 6.0 7.4 0.1643

Tab. 3-5: Durations and Intensities of the generatzelerograms, return period of 475 years

To investigate structures with a high resistancgfi@al earthquakes for a PGA of averagely

round about 4 m/s? are generated. The diagramsabtes are shown in Appendix C. By means
of the method explained above seven different tiiséories are generated, one for each dura-
tion.

3.7 Requirementson the seismic performance of structures

3.7.1 General remarks

For seismic action a lot of design philosophies aredhods exist, which aim partly at different
requirements on the seismic performance of strastutere, it is roughly distinguished in two
main groups of methods. An older method - in tH¥ang called conventional design — bases
historically on the use of forces. In this techrga structure is designed to act only in the ielast
range during an earthquake. Modern methods takeaiotount also the plasticity — in the fol-
lowing called inelastic design — and deal ofterhvdtictility and displacement (see Fig. 3-14).

To offer a better understanding of this subjectedyasics regarding the historical development
based on [Priestley 2007] are given subsequentlyte@tly, seismic design is mostly based on
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force rather than displacement. The reason is mdiased historical. Before the 1930's, only
some structures were specially designed againsingeiloading. In the 1930's several major
earthquakes occurred. The structures with desighddzontal wind forces performed better in
than those without special resistance against twt@t loading. Therefore, horizontal inertia
forces (normally 10% of the building weight) forwsttures in seismic regions had been imple-
mented in first design codes.

g
S
Fel elastic
Fy=Fe/Rf—— o = = = = = = = . inelastic
uy =uel/R Up = Uel displacement

Fig. 3-14: Comparison of elastic and inelastic cese

With the development of inelastic time-history as& and improving knowledge of seismic
behaviour and in the 1960’s, came understandingrthenerous buildings had survived earth-
guakes capable of inducing inertia forces many ditaeger than those related to the structural
strength. As a result, the concept of ductility baen developed to reconcile the obvious anom-
aly of survival with apparently insufficient resisite. Coherences between ductility and
force-reduction factor, which is also called dutiteduction factoR (see Fig. 3-14) or behav-
iour factorq, such as thé&equal displacement’ and the ‘equal energy’ conseyre advanced as
an essential to regularize the proper horizontsistences. Much investigation effort was di-
rected during the 1970’s and 1980's to determimeetkisting ductility capacity of diverse struc-
tures. The considerations of ductility became al&imental part of design. In order to quantify
the available ductility, extensive experimental amlytical studies were performed to deter-
mine the safe maximum displacement of differenicstiral systems under cyclically applied
displacements [Priestley 2007]. It was an import&iap in a direction away from a force-based
seismic design. In order to determine the necesssigtance, a force-reduction factor was in-
troduced that reflects the observed ductility c#tgaaf structure and material. However, it was
still designed in terms of required strength argpldicement capacity. The concept of ‘capacity
design’ was introduced [Park, Paulay 1976], in \white identification of preferred locations of
flexural plastic hinging becomes important. In cest, undesirable locations of plastic hinges
and adverse modes of inelastic deformation werédadoby choosing their resistance higher
than strength that belongs to the desired inelastichanism.

It may be seen, that in the beginning design wasdan strength, or force considerations using
assumed estimates of elastic stiffness. As indkeyears, the importance of displacement was
more appreciated, the one attempt to modify thetie force-based design to contain consid-
eration of displacement as we find it in [Euroc@&jlend [DIN 4149]. There, the non-linear be-
haviour is taken into account by means of the biel@actorg. For masonry this factor is cho-
sen very conservative. Thus, the real ductile bielaand the real ability of energy dissipation
are much underestimated, which leads to problerttseinlesign of masonry.

Moreover, different design philosophies exist. 8uees can be designed for the serviceability
level earthquake with the aim to avoid damage. désign level earthquake allows repairable
damage. For the extreme earthquake the structreedeaigned in a way to avoid collapse while
allowing irreparable damages. The newest and numsptex philosophy is the risk based design,
which is already explained in Chap. 2. The defimtof risk includes the damage and its prob-
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ability. Finally it can be summarised, that the gegfed risk management based concept of
Chap. 2 offers the possibility to consider the atiéht hazard levels (serviceability level earth-
guake, design level earthquake and extreme eaithjjaad aims on the damage reduction.

Due to their importance the terms ‘shear capaaitg ‘ductility’ and their relation to design con-
cepts are separately depicted in the subsequechapters.

3.7.2 Shear capacity

In this context the term ‘capacity’ is used to egw the strength. Since the shear resistance of
walls is described with force (not with stressé®) term ‘capacity’ is often used in literature. To
avoid misunderstanding regarding the meaning alene since this thesis deals with the
in-plane shear behaviour of masonry walls the tehmar capacity’ is used.

Regarding the retrofitting against seismic actithe shear capacity is of interest, which is de-
fined by the maximum static or static cyclic shessistance which the structure can carry. If the
shear capacity is increased, usually also theielestge is increased. Hence, a strengthened
structure behaves more elastic than a non-stremgthstructure. In areas of low seismicity or to

design a structure for the serviceability level shear capacity is often increased. The aim is an
elastic structural response and so a complete ano@of damage. Nevertheless, high strengths
require big cross sections, which lead to highscost

3.7.3 Ductility

The capability of plastic deformation while carrgithe load is called ductility. Roughly it is
distinguished in local ductility of a structuraketent (e.g. plastic hinges) and global ductility of
the whole structure. Several suggestions exisefmel values for the ductility. In general it can
be done by means of ‘equal displacement’ or ‘egnalgy’ approximation

A high ductility avoids brittle failure, which isedirable. Moreover, in case of dynamic action
energy is well dissipated, when the structure betalastically. Thus, the loading is reduced,
because plasticity leads to reduction of stiffresd so to a reduction of dynamic loading which
depends on the stiffness. As disadvantage damages m case of ductility, and the damage
increases with ductility. In areas of high seistyi@r to design a structure for extreme earth-
guake the focus often lies on high ductility to @vfailure and to reduce the dynamic loading. It
is not economic and sometimes also impossible fsteact buildings which react only in the
elastic range during a strong earthquake. Damageacaepted. However it is to ensure that the
structure does not collapse.

3.7.4 Conclusion

To ensure the avoidance of collapse in case ofpewgd strong earthquake, a high ductility of
the structure is definitely important. In fact thiglisation of high ductility in combination with
low shear capacities (small elastic range) leadtherone hand to low dynamic forces, and on
the other hand to high damages. Regarding a riskbdesign, which aims at the reduction of
damages, an increasing of the shear capacity carsdfel, if it reduces the damages. For dy-
namic action it is to investigate, if retrofittingeasures effectively reduce the damages for the
huge variety of earthquakes and their interactiitis the different types of structure.
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3.8 Summary

The basics and describing parameters of seismic hazards are briefly explained, as well as differ-
ences and drawbacks of naturally and artificially generated earthquake records. Both are used in
this work. Moreover, basics of structural dynamic are y explained to provid the knowledge for a
good understanding of some earthquake parameters and the structural response. Last, it isimpor-
tant to understand significant requirements on the seismic performance of structures, which are
essential for the investigation of strengthening measures in case of earthquakes. Two complete
different design methods have to be distinguished. On the one hand, the conventional design acts
in the elastic range and tries to avoid any damage. On the other hand, the inelastic design uses
the ductility for a reduction of dynamic forces and accepts damage. Moreover, a summary of
correlations between strong motion parameters and structural damage of masonry is given to
identify the most important parameters, which are of interest for sensitivity and probabilistic
studies described in Chap. 6, 7 and 8. Consequently, it is reasonable for the probabilistic analyses
to implement the variety of earthquake intensity (by means of peak ground acceleration), dura-
tion as well as the natura frequency of the structure. For a reasonable risk assessment as per-
formed in Chap. 8 the probability of earthquake loading is necessary. Therefore, some basics
regarding seismic probabilities are briefly given as well as values of the probability for the re-
gion of Aachen investigated in the study.
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4 Masonry

Masonry is one of the oldest materials and stilshmmmmonly used for construction. Advanta-
geous properties as simple applicability, fire sesice, durability, and aesthetical appearance
have led to a widespread resorting. Masonry magli§inguished in a large amount of classes
regarding several parameters as material used, enafirassemblage, strength, age or sense of
application. In this thesis, only some importambugrs are mentioned. The interested reader is
referred to basic literature as [Merritt, Ricke2801] and [Gunkler, Budelmann 2007]. First of
all, unreinforced masonry is elucidated, in thesgeof normal masonry without any retrofitting,
strengthening and rehabilitation measures. Esddmtiaviedge is given in the subchapter below,
which provides the base for retrofitted masonrp@stressed one, explained subsequently. After
all, the numerical modelling of the complex matiel@haviour of masonry is explained.

4.1 Unreinforced masonry
4.1.1 Mechanical properties of masonry

In order to estimate the resistance of masonryswalllot of mechanical properties need to be
determined, which depend on the model used fomptieeiction. Furthermore, many different
experimental tests can be found in literature tiemaine the same parameters. It is neither the
purpose nor the intention of this thesis to disdhsstopic or suggest further test. Instead some
parameters are briefly given to provide basic imfation.

4.1.1.1 Material behaviour of units and mortar

Masonry is a rather complex composite materialpittgerties depend strongly upon the proper-
ties of its components. A huge variety of incombtlstmaterials, such as natural stones, bricks,
structural clay tile, concrete block, calcium-slie bricks, gypsum block, glass block, or adobe
brick are commonly used to produce the units, whighavailable in an almost unlimited num-

ber of sizes. Units without cores or with core are@ to 25% of the gross cross section are
called solid units, which are rarely used nowad#ialow units have core areas up to a maxi-
mum of about 50% of the gross area. Core patteqisally vary dependent on manufacturer.

Due to the cores and sometimes also due to theialatee units are anisotropic. Moreover, the

masonry as a whole is anisotropic, caused in aoidhy the joints and bond pattern. In case of
dry stone masonry no mortar is utilised. Nowadaysp thin bed mortar is deployed frequently.

Especially, historical masonry can be composedyps§gm mortar. In the last decades portland
cement based mortars in combination with hydrdidie are applied in general. The numerous
types of mortar show widespread properties.

A number of material properties is determined saedy for units and mortar, as the tensile and
compression strength as well as related modullastieity, Poisson's ratio, density, ductility and
fractured energies. A further property is the sufig or post-peak behaviour described by gradi-
ent of the sloping curve part, which differs sigrantly for brittle and ductile materials. As out-
lined in Fig. 4-1 this can be also related to ttaeture energ: andG.. This behaviour depends
also on the load direction (compression or tensionjnaterials masonry consists of. In general,
compressed mortar or units behave more ductile tér@sioned ones.
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Fig. 4-1: Behaviour of quasi-brittle materials undeiaxial loading and definition of fracture
energy, Left: tensile loadind: denotes the tensile strength), Right: compredsiaging €. de-
notes the compressive strength) [Lourengo 1996]

4.1.1.2 Compression behaviour of masonry

For the determination of parameters to characténisenterface of mortar and units as the adhe-
sive tensile strength, composite specimens are. #ded a more accurate determination of the
compressive strength of masonry ensues on the caitaf@s explained below. The interaction of
units and mortar joints has attracted the inteséstumerous researchers. In general, the mortar
in the joints tends to have larger transversersdrdian the masonry units under load. The units
are stiffer than the mortar joints, leading to da@l of masonry under compression, which is
firstly proved by Hilsdorf [Hilsdorf 1965]. A predoinant triaxial compression state of stress
occurs in the mortar joint, while due to the latengpansion of the mortar joints a triaxial com-
pression-tension-tension state of stress predossnéit this lateral tension stress in the units is
greater than its tensile strength, the procesuifcal cracking in the units starts.
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Fig. 4-2: Interaction of units and mortar joint8rism under uniaxial compression and
stresses in unit and mortar [Ganz 1990a]

Thus, under uniaxial compression perpendiculath lied joints a splitting type of failure is
usually observed in the units, as depicted in #i8. However, this fact has not yet been univer-
sally recognized, thus some national standardshbstde the masonry compressive strength on
unit and mortar strength.
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Fig. 4-3: Compression perpendicular to the bedgoamd splitting [Lourengo 1996]
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4.1.1.3 Tension behaviour of masonry

In case of tensile loading perpendicular to the jogts three failure types are possible or a mix
of them. On the one hand the mortar strength mapddowest. In that case the crack occurs in
the mortar itself. On the other hand the adheswsile strength or also called bonding tensile
strength, which characterises the bond betweenamditmortar, could be the lowest. Often these
occur in combination. The third possibility is an¢de failure of the unit, which is rarely ob-
served due to the fact that the unit resistanessislly much greater than the mortar resistance.
The tensile failure mode of the unit-mortar intedfas often referred to as mode | in literature.
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Fig. 4-4: Tensile loading on masonry and failuregbilities [Huster 2000]

4.1.1.4 Shear behaviour of masonry

Regarding seismic loading the shear behaviour ésntiost important one. Shear strength and
friction coefficient are properties of high interés predict shear failure. In addition, the fraetu
energy is also used sometimes. In literature, llearsfailure mode of the unit-mortar interface is
often referred to as mode Il. A possible experirakeset-up used for tests in Braunschweig,
Germany, is depicted in Fig. 4-5. A complete chigndzation of the masonry shear behaviour is
presented in [Van der Pluijm 1993], for solid clapd calcium-silicate units. Compressive
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stresses were applied with three different lev@ls; 0.5 and 1.0 N/mmThe shear tests results
are shown in Fig. 4-6, which clearly depicts théamted shear strength with increasing normal
load level and revealed its Coulomb-friction naturbe results yield an exponential shear sof-
tening curves with a residual dry friction levehélarea defined by the stress-displacement dia-
gram and the residual dry friction shear level miedi the mode Il fracture ener@y'. Its value
depends also on the level of the compression sftessenco 1996]. For numerous specimens
with higher compressive stresses, shearing of thienwortar interface was accompanied by di-
agonal cracks in the unit. This shows, that theasbehaviour cannot be exhaustively described
by merely consideration of the unit-mortar integfac

Especially for parts of masonry walls greater thao-unit or three-unit specimens, the behav-
iour is more complex. As outlined in Fig. 4-7,5ttd distinguish between three failure types. The
first one, shear failure of the joint is alreadypkmined above. It occurs in case of low normal
stresses. Increasing of this level leads to didgorecks in the units due to diagonal tensile
stresses. If the normal load level is very highrapimately vertical cracks can be observed in
the bricks. This may be seen as a combinationedrsind compression behaviour.

Fig. 4-5: Experimental setup of a shear test [Budeln et al. 2004]
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Fig. 4-6: Typical shear bond behaviour of joints$olid clay units, showing average shear
stress-displacement at various normal stress I¢trdsshaded areas represent the envelopes of
several tests) [Van Zijl 2000]
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Fig. 4-7: Shear loading on masonry and failure jpdgges [Huster 2000]
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4.1.2 Support conditions of masonry walls

Before discussing the failure modes of in-plane loaded masonry walls, essential basics of the
support conditions are given due to their significant impact on the failure mechanism. In this
work it is distinguished between two theoretical extreme cases support condition 1 (SC 1), sup-
port condition 2 (SC 2) and the reality, which is something between the extreme cases, as out-
lined in Fig. 4-8.

SC 1 Reality SC2

Fig. 4-8: Support conditions of shear walls and resulting deformations, Left: Support condi-
tion 1 (SC 1), Middle: Realistic condition, Right: Support condition 2 (SC 2)

In case of SC 1, the top of the wall is constrained, on account of that it stays horizontal. Mainly
shear loading occurs. For case SC 2, the top of the wall is free and can rotate. Thus, the wall be-
haves like a cantilever, and in-plane bending loading occurs primarily. Fig. 4-8 shows walls with
these support conditions and the resulting deformed shapes. In redlity this condition exists very
rare. Merely SC 2 can be found for free standing walls or towers. However in reality, the support
condition of the walls is between these extreme cases, since usually the walls are located be-
tween floor slabs. The realistic support condition depends on the behaviour of the floor slabs. To
predict the behaviour realistically, beams or slabs should be modelled as depicted in the middle
of Fig. 4-8. Below, the impacts are explained in more detail. To gain deeper insight, case studies
are performed, which are given in Chap. 6.

4.1.3 Failure mechanisms of horizontal in-plane loaded masonry walls

The anisotropic behaviour is reflected by the different failure modes of masonry encountered for
general loading conditions such as combined shear and axia loads or introduction of concen-
trated loads. For horizontal in-plane loaded masonry walls the failure modes are usually distin-
guished in:

* Bedjoint dliding (shear failure of thejoints),

» Diagonal tension (shear failure of the units) or some times aso named diagonal cracking,

* Rocking and

* Toe crushing (failure of the corner)
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as it is recommended in [FEMA 306], [FEMA 308] aifEMA 356]. Below this failure types
are described in depth.

Bed joint sliding has to be further subdivided. tBa one hand stepped cracks occur, which in-
volve failure of different bed joints and head jsims shown in Fig. 4-9 left. On the other hand
only one bed joint can fail, which leads to the mxment of an upper rectangular block. Both
cases are depicted in Fig. 4-10. The shear strésgtlsum of the adhesive shear strength which
describes the resistance of the bond between uoditnzortar, and the friction. The last corre-
sponds to the residual shear strength after iimtiabf sliding and is expressed by the Cou-
lomb-friction law, which includes the vertical ldad and the friction coefficient. These two
failure types of bed joint sliding are very ductithie to the Coulomb-friction mechanism acting
in the bed joints until the end of a stepped cauvdareover, this mechanism dissipates a lot of
energy (see Fig. 4-10 right). Both high ductilitydahigh energy dissipation are desirable for a
good seismic performance. The horizontal loadirgacdy is relative low.

Fig. 4-9: Shear crack patterns, Left: Joint faiJiRegght: Unit failure [Mann, Muller 1978]

The term diagonal tension expresses the incidehde&gonal tension cracks in the units as pre-
sented in Fig. 4-9 right and Fig. 4-11. Quite higitizontal loading can be carried, however the
ductility is usually lower as in case of bed jogtiding or rocking, since the upper wall triangle
shears off and is no more supported. In case diccrading the hysteresis includes usually a
smaller area and therefore less energy is dissipaee Fig. 4-11 right) as in case of bed joint
sliding.
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Fig. 4-10: Bed joint failure, Left: Static loadingfiddle: Static cyclic loading, Right: Static
cyclic load displacement diagram [Mistler 2006]
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Fig. 4-11: Diagonal tension, Left: Static loadiMjddle: Static cyclic loading, Right: Static
cyclic load displacement diagram [Mistler 2006]
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Fig. 4-12: Rocking and toe crushing, Left: Statiading, Middle: Static cyclic loading, Right:
Static cyclic load displacement diagram [Mistle0gD

The phenomena rocking can also lead to stabilibplems and is especially observed for slender
walls. It describes the overturning of a panel (Beg 4-12), which goes in line with gaping
joints due to tensile failure of the unit-mortaterface on the bottom and on the top, if the top is
supported. The rotating wall itself is not sigréfitly damaged. However, the area of
non-cracked bed joint becomes smaller, which lgadsigher stresses. In case of rocking the
dissipated energy is very low. However the dugtitian be very high if toe crushing is avoided.
This last mechanism (toe crushing) is usually alted rocking. Due to the decreasing bed joint
area and the increasing stresses, the units fath@migh loaded corners. Toe crushing depends
highly on the unit properties. The units of thermarof a turned masonry panel fail. Toe crushing
is a very brittle failure mode [Otes, Léring 2006ihich is very dangerous and has to be avoid
especially in case of seismic action. Given thélbmature of this failure mode, very low energy
is dissipated. A further limit state can be a sasbe failure (see Fig. 4-14 left) of such slender
wall, which rotates.

Finally, it is to be mentioned, that this differéatlure modes can occur in combination and often
cannot completely separated. For instance, faibdrenits and joints can be often observed in

one wall as shown in Fig. 4-16. Only for some splecases one mechanism is observed. This
highly depends on many parameters as explainedvbelo
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4.1.4 Influencing parameters on failure mechanisms
4.1.4.1 Vertical load level, slenderness and support cait

The failure modes of horizontal in-plane loaded omag walls elucidated above depend on a lot
of parameters. The most important ones are:

* The vertical load level and
* The slenderness of the wall [Mistler 2006].
Of course:

» the support conditions as depicted in Fig. 4-8 and
» the material parameters of masonry
have also a significant impact. Subsequently, ¢hetions are explained more in detail.

As well known the vertical load level influence tshear capacity significantly. Moreover, it has
an essential impact on the failure type. For lowtigal loading generally bed joint sliding oc-

curs, whereas diagonal tension arises from lowicadrioad levels as compared in Fig. 4-9. For
very high vertical loading nearly vertical crackiresults, which goes in line with compression
failure (see Fig. 4-3).

In this work slenderness is defined as the heigtithwatio of a wall. The slender the wall, the
easier rocking occurs, due to the bending load@mmnpact walls tend to bed joint sliding or
diagonal tension in dependency of the vertical Ieael. Thus, gaping joints appear on the top
and, if the bottom is supported, as well there. dbeurrence of gaping joints depends also on
the vertical load level, as it is recognised onasheall tests of the university Eindhoven (see
Section 4.1.5.1) by Vermeltfoort and Raijmakersrf¥eltfoort, Raijmakers 1993]. For low ver-
tical loading tensile failure of the first and tlest bed joint is recognised, however for higher
vertical stresses this phenomenon could not obdexseresented in Fig. 4-16.

Whether gaping joints ensue or not depends moremvéne support condition. For SC 1, which

impedes vertical movement and thus lower rotatffects, gaping joints are rarer than in case of
SC 2 (see in Fig. 4-14). The support conditionfuerice the behaviour and failure mechanisms
strongly, as recognised in experimental test l®Reef, Loring 2006] as well as further literature

and own simulations (see Section 6.2). Fig. 4-18xshSC 1, where the top of the wall cannot
rotate, which leads to a restrained system couctiagapanel rotation. Thus, mainly shear load-
ing and so bed joint sliding or diagonal tensicsuits. Only small gaping joints can be observed.
Furthermore, the tendency of the wall to rotate #wedvertical support, which impedes a vertical

movement, leads to additional vertical forces du¢hts constrain. Walls with SC 2 (the upper

beam can rotate) are illustrated in Fig. 4-14. Tleiads to a non-restrained system. In-plane
bending occurs mainly and causes primarily rockirty huge gaping joints.

d jﬁl‘} ey d tiediiily

Fig. 4-13: Limit state of shear loading capacity & 1 (applied displacement d), Left: Joint
failure, Right: Unit failure [Otes, Léring 2006]
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CRITTITINYY

Fig. 4-14: Limit state of shear loading capacity & 2 (applied displacement d), Left: Suc-
cessive failure, Right: abrupt failure [Otes, L@i2006]

In dependency of the rotation level and the mdteiso toe crushing can result. The author
agrees with [Otes, Léring 2006] regarding thisidigion of the support condition. Concerning
the resulting failure modes a deeper descriptioneisessary. So, it depends also highly on the
slenderness which failure mode occurs. For slemddls very often rocking is observed inde-
pendently on the support condition. Moreover, rogkand diagonal cracking can take place in
combination as pointed out in [Vermeltfoort, Raikees 1993] and own simulations. The ex-
tremes can be summarised as follows. SC 1 and admals lead to shear behaviour (small
rotation of the wall), which results in bed joitiling or in case of high vertical loading diagonal
tension. In case of SC 2 and slender walls bendetgviour dominates (high rotation level of
the wall), which causes rocking and toe crushing.

4.1.4.2 Material parameters of masonry

Regarding shear behaviour the main resulting failnodes bed joint sliding (see Fig. 4-13 left)
and diagonal cracking of the units (see Fig. 448ty are distinguished. In reality, numerous
parameters influence the occurrence of these &tlypes. Stepped cracks as a result of bed joint
sliding are located in the head and bed jointsctvishows the dependency of this phenomenon
on the unit sizes, on the width/height ratio of timits as well as on the bond pattern and the re-
lated overlapping. The following summarised mateg@rameters have an impact on the crack-
ing of the units.

* Aspect ratio of the units

» Size of the units

» Tensile strength of the units

« Overlapping

» Stiffness and thickness of the mortar joints
* Mortar filled or unfilled head joints

e Shear strength of the unit mortar interface

Concerning bending behaviour successive failur@wbined in Fig. 4-14 left and abrupt toe
crushing (see Fig. 4-14 right) may be distinguistesiexplained above. Due to the rotation of
the wall rocking is observed and the corners agélfiiloaded. Tension and compression behav-
iour of masonry are important, and are influencedhe following factors.

* Type of unit (high impact)
* Tensile strength of the mortar joins (small impact)
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4.1.5 Experimental tests of shear walls
4.1.5.1 Eindhoven

The static behaviour of masonry walls was investigdor instance at the university Eindhoven
[Vermeltfoort, Raijmakers 1993]. The shear wallsrennamed JD, had a height/width ratio of
one with dimensions 990 mm x 1000 mm, built up vii&courses, from which 16 courses were
active. The first and the last course were fixedtgel beams as shown in Fig. 4-15. The ma-
sonry walls were made of 10 mm thick mortar joiatsd solid clay bricks with dimensions
210 mm in length, 52 mm in height and a thickndss00® mm. For all specimens SC 1 (no rota-
tion of top and bottom) was used. Different velticampression uniformly distributed forcps
were applied to the walls, before a horizontal la&d increased under top displacement control
d. Different initial vertical loadp were applied. For walls:

e J4D and J5D the loggequals 0.30 N/mm2 (30 kN),
e J6D the loag equals 1.21 N/mm?2 (120 kN) and
e J7D the loag equals 2.12 N/mm? (210 kN).

The material data are obtained from samples celieftir each wall and from existing results on
compression, tension and shear tests as summailisedn [Lourengo 1996] and [Rots 1997].
The micro-properties for the different materiale abtained from Raijmakers and Vermeltfoort
[Vermeltfoort and Raijmakers 1993].
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Fig. 4-15: Eindhoven shear walls, Left: Experimés&tup [Rots 1997], Right: Load dis-
placement curves [Lourenco 1996]

In Fig. 4-16 the experimental crack patterns far different wall tests are given. A similar be-
haviour of the walls can be seen. In case of wall dnd wall J5D with lower initial vertical
load, horizontal tensile cracks develop at thedmtand top of the wall at an early loading stage.
For all walls, a diagonal stepped crack leads tlapse, simultaneously with cracks in the bricks
and crushing of the compressed toes.
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Fig. 4-16: Experimental crack patterns of the Emdin shear walls [Lourengo 1996]

4.2 Vertical prestressed masonry
4.2.1 Means to apply vertical prestressing in practice

Several manners to apply prestressing on existigign@w masonry constructions are available.
They may differ in their impacts on the mechanibadeour of the masonry walls. Thus, it is
roughly distinguished in external and internal pesssing. Important possibilities and
sub-variations are categorised below.
» External prestressing
External forces
External tendons
e Internal prestressing
Internal tendons with full bond
Internal tendons with contact
Internal tendons without contact and bond
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External forces are often applied in experimergats, which can be done in a very easy and
economic way. The vertical load level is simplyre@sed. However, any tendons/strands are not
used, as depicted in Fig. 4-16. For the practipalieation this variation is not meaningful. In-
stead external tendons may be quite easily appligaactice, especially for existing structures,
as shown in Fig. 4-45. The tendons are placediextitre wall, which may be outside, inside or
both. If it is done only on one side, additionah|®g moments usually originate. Furthermore,
the length of the strands is strongly influencedty temperature of the presented climate. In
case of a summer day a strand placed outside catrdiehed significantly due to temperature
and insolation, which may lead to a significantugttbn of the prestressing forces. The opposite
would happen in cold zones during the winter tilneaddition the ductility of steel tendons can
be significantly reduced in zones of extreme lomgerature like Alaska. This phenomenon is
well known for steel structures in such zones, whenexpectedly brittle failure may occur.
Since high strength steel has to be used for tendenich is characterised by brittle failure, this
problem has to be in mind regarding an externatpessing in such areas.

Unit Unit Unit

Tendon Tendon Tendon

Grout Clearance \\7 * Void

Fig. 4-17: Types of internal prestressing, Leftemal tendon with full bond, Middle: Internal
tendon with contact during the loading, Right: intd tendon without contact and bond

Fig. 4-18: Layout of vertical tendons in masonnyfigd_eft: In cores and head joints, Right:
In cores only [Ganz 1990a]

Fig. 4-19: Layout of vertical tendons in masonnyllgyd_eft: In cavities, Right: In pockets
[Ganz 1990a]
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The term ‘internal prestressing’ means the avditgof tendons inside the wall. The different
possibilities can be roughly distinguished as prebin Fig. 4-17. Bond between tendons and
masonry can be reached by means of pressure ggotitie gap is filled with cement grout, con-
sequently force can be transferred. The most commethod for prestressed masonry with in-
ternal tendons ensures only contact during thezbiotal loading. This includes a small clearance
between masonry and tendon, which is not fillechvgitout. After reaching an initial horizontal
displacement, the tendon contacts the masonry @me tan be transferred. If the distance be-
tween masonry and tendon is very high, also in csrige horizontal displacement contact is
excluded, here named ‘internal tendons withoutacrénd bond’. Some possibilities for a prac-
tical execution of prestressing are outlined in. Bid8 and Fig. 4-19. Instead of prestressing
with tendons, either bars, wires, or strands maydwsel.

4.2.2 Function of prestressing

In masonry walls prestressing forces may be useddoce or eliminate tensile stresses, to im-
prove the shear capacity and the bending capdaityhe following the function of vertical
prestressing on essential structural behaviouessribed.

4.2.2.1 Shear behaviour

The dependency of shear capacity on the verticatl Ievel is already mentioned in Sec-
tion 4.1.1.4 and is illustrated in Fig. 4-6. An lieased shear capacity of masonry walls results
from enhanced normal forces, due to its Coulomdiifnn nature. This phenomenon is utilised in
case of vertical prestressing. Investigations efghear behaviour of prestressed masonry walls
led to an interaction law [Ganz 1990b] as preseimeflig. 4-20 by means of a diagram with
normalised shear capacity and normalised normal forceg as functions of lateral forceS
normal forcesN, lengthlo, heighthg, thickness d and masonry compressive strefigifn The
yellow marked area in Fig. 4-20 presents the bewnéfshear capacitys, which follows from
vertical prestressing force3. Moreover, the threshold of prestressing forcesobees easily
visible. A further increase of prestress does eatllanymore to an enhancement of shear capac-
ity. Instead, failure caused by high axial loadowgurs, which is elucidated in Section 4.1.1.2. A
reasonable threshold of the overall normal forcepedds on the problem, like damages to
minimise, creeping and shrinkage of the material.
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Fig. 4-20: Interaction of shear capacity and norfoedes for masonry walls [Ganz 1990b]

Normal forces N =
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4.2.2.2 Bending behaviour

Investigation results of [Budelmann, Gunkler, Wig8603] regarding the out-of-plane bending
behaviour of prestressed masonry walls are brisfisnmarised below. If bending generates
stresses perpendicular to bed joints, they mayob@teracted by prestressing, leading to an in-
teraction of bending moment and normal forces. berding resistance depends on the cross
section, the material properties, and the axialilt;a A model to describe the load bearing be-
haviour is derived in [Gunkler 1993]. The compreasarc model (see Fig. 4-21) bases on the
following assumptions:

» Bernoulli hypothesis (cross section stays planepardendicular to the wall axis)
* Non-linear material behaviour

» Small deflections in comparison to the structuraetisions

» Constant normal forces along walls length and heigh

The normal forces are carried by means of a comjmesirc, which is outlined in Fig. 4-21 by a
dashed line. The system equilibrates as long ae#uing moment is not higher then the internal
moment or also named resistance monidgtwhich can be simply calculated with the arc fise

and the internal compression fofdg,, as given in Eq. (4-1).
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Fig. 4-21: Compression arc model, Left: With coesaion of deflection, Right: Without
consideration of deflection, [Budelmann, Gunkleig@ér 2003]

The loading moment can result from eccentric valtiorcesN and lateral loadingl, as well as
additional moments of second order theory takirtg account the deformation of the system.
The arc risd is the distance between the centroid of the istecompression forcBy, and the
vertical load axis.

M, =D, f Eq. (4-1)

The application of central prestressing increakedrtternal compression for&,, and thus the
internal momenMg means the bending resistance. However, this strenipg effect is limited
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due to the interaction of normal forces and ultenatomentM,, as depicted in Fig. 4-22 by
means of an interaction diagram with normaliseddien capacitym, and normalised vertical
forcesn, as functions of normal force, prestressing forcB, lengthlo, heighthy, thicknessd
and masonry compressive strengihw
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Fig. 4-22: Interaction of out-of-plane bending axmtmal loading for masonry walls [Gun-
kler 1993]

The curves are theoretically calculated. Howeves,éxperimental results of [Gunkler 1993] are
labelled with small triangles and show a good ages& with the theoretical results. The in-
creased normalised out-of-plane bending capafityof masonry walls due to enhanced normal
forces is marked in yellow. Similar to the intefantof normalised shear capacity and normal-
ised axial forces, also here the ultimate momehiniged. For the bending-normal loading inter-
action a balance point is very clearly visible.

4.2.2.3 Stability

Stability problems refer in this context to horit@indeformation leading to out-of-plane buck-
ling of the wall. The stability highly depends dretvertical load level and the means of practical
execution of prestressing regarding the three tyipésrnal tendons with full bond’, ‘internal
tendons with contact during the loading’ and ‘inedrtendons without contact and bond’, which
are outlined in Fig. 4-17, as well as external pessing. In case of ‘internal tendons with full
bond’, ‘internal tendons with contact during theding’, small horizontal deformations cause
vertical restoring forces, which counteract a hamial deformation. Thus, the stability is not
endangered despite the higher vertical loading. é@w for ‘internal tendons without contact
and bond’ and external prestressing such restdoirog cannot occur, due to the missed contact.
On the other hand the vertical forces are highertdithe prestressing, which leads to a negative
impact on the stability. Therefore buckling is mprebable. To avoid out-of-plane buckling ‘in-
ternal tendons with full bond’ or at least ‘inteftandons with contact during the loading’ are
recommended by the author.
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4.2.2.4 Cracking

To guarantee the serviceability of structure atémon of crack width or a completely avoidance
of cracks is necessary, which depends on the pepiohe construction. Reasons can be preven-
tion of water entering or a utilisation as fair€acmasonry. Vertical or diagonal cracks can be
repaired by using horizontal prestressing tendGaging bed joints caused by eccentric loading
can be closed again by installing vertical presirestendons.

The mitigation of horizontal cracks due to imposesl end rotations can be reached by means
of prestressing as given in Fig. 4-23. A combinatad wall thickness reduction (over the full
height or only by using a soft strip below the }lalith an increase of axial load by introducing
prestressing will yield optimum benefits both famck width and for strength of the wall
[Ganz 1990a], as presented in Fig. 4-23, wherendredimensional crack width (ratio of crack
width w to wall thicknesgl) and the wall end rotation angle are used. Foorestant wall end
rotation angle the increase of normal forces leéads lower non-dimensional crack width. Also,
Gunkler confirms in [Gunkler 1999] the enhancedesahgainst such cracking due to prestress-
ing.
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Fig. 4-23: Mitigation of bending cracks by meangost-tensioning [Ganz 1990a]

Regarding out-of-plane bending load of masonry svalid resulting cracks in masonry walls,
Zimmerli declares in [Zimmerli 1999] that increassaimal forces cause an optimal distribution
of curvature across the whole wall and therefodeice the incidence of cracks. This phenome-
non is besides observed in experimental tests fiealkGunkler 1994]. Moreover, it is pointed
out in [Budelmann, Gunkler, Wigger 2003], that pressing leads to a bigger compression zone
and thus, the depth of bending cracks is reducéithnalso decreases the probability of rein-
forcement corrosion.

4.2.3 Comparison of historical and modern masonry regardireasonable application of ver-
tical prestressing

Concerning a reasonable use of strong influentiehgthening measures like vertical prestress-
ing the distinction in historical and modern magois fundamental, as elucidated below. The
terms ‘historical’ and ‘existing’ should not be dosed. In this work historical masonry refers to
be older than at least hundred years, which iglditn characterised by a historical value such
as old churches, cathedrals, palaces, town ceatedridges. Natural stones and ancient bricks
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are usually used in numerous types of shape, assgesband various combinations. The
strengths as well other material properties of aroahd stones show a huge scattering, are not

standardised and often unknown. In Europe suchstgpenasonry structures usually consist of
walls with several layers as depicted in Fig. 4-24.

Regarding preservation of historical structureqegts discourage an application of measures,
which strongly influence the load carrying behavifRieper 1983]. Regarding earthquake and

impacts of strengthening on the dynamic behavipecial attention is necessary as damages and
collapses of retrofitted constructions have showrthie last decades. Numerous strengthened
historical masonry buildings in Italy showed sigraiht damages after earthquakes.

Fig. 4-24: Historical masonry with typical thregéa cross section of historical masonry
walls

In consequence of these mentioned reasons, theap of vertical prestressing is not rec-
ommended for historical constructions showing thendbacks explained above. Especially for
walls consisting of several vertical layers, enoasistability problems can occur. Depending on
the structure and structural details, special itigason regarding a reasonable application of
vertical prestressing is necessary. This cannoddre extensively in this study for the wide-
spread range of possibilities. Moreover, theretils & significant lack of knowledge of the dy-
namic behaviour of prestressed masonry at all, kvhéguires firstly investigations on simple
masonry such as modern masonry, which are morgbtelio describe. The term ‘modern ma-
sonry’ is used here for structures made of indalsémd standardised masonry units. The material

properties of mortar and units are known, the abtsges are regular and vertical layers with
insufficient bond do not exist.
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4.2.4 Experimental tests of prestressed shear walls
4.2.4.1 Dortmund

Static cyclic tests of slender shear walls wereiedrout at the university of Dortmund [Otes,
Loring, Elsch 2002]. Four equal walls strengthenétth different methods were tested. Of inter-
est is here the prestressed wall, named T 3. Bvaliyhad a height/width ratio of approximately
two with dimensions 2.50 m x 1.24 m, built up wi2B courses. The experimental set-up (see
Fig. 4-25) was equal for all walls, which were buh a bottom plate anchored to the testing
hall. On the top of the wall a head beam was latae shown in Fig. 4-25, with support condi-
tions allowing a rotation of the top (SC2). In theestressed wall, two cavities were available
also at the bottom plate for stick-trough of thedens, located in a conduit (no adhesion with
the mortar) and the brick laying starts whereasvtlid space of the channel section (U-section)
was filled with mortar. At the head beam, the rads put through holes and elongated by means
of a tensioning jack. To hold the prestressingdpanchor nuts are fasten to the top of the ten-
dons. For all walls the axial forces were appligthyprestressed external steel threaded rods and
kept approximately constant with an arrangemensasf disc springs. The horizontal loading
was displacement-controlled applied on the heathiee87 steps from 1 to 40 mm respective -1
to -44 mm, moving from positive to negative in eatp.
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Fig. 4-25: Experimental set-up, Left: CompletesgtRight: Detail set-up [Otes, Loring,
Elsch 2002]

For the first 28 steps no damage was visible. Thestep 29, first diagonal cracks can be seen in
the lowest layer in both corners. In the next st@fsand 31, more cracks appeared in both cor-
ners, at the left side a small part of the cormdit sff. At step 32, rocking and stepped cracks
occurred. In the next steps more and more damagerisible at the corner areas up to failure of
the compression zone. In Fig. 4-26 the measurentalaforce and the related horizontal dis-
placement is presented. Up to a lateral force pf@pmately 50 kN the wall is under full com-
pression. In conjunction with the occurrence ofiggpgoints, the wall stiffness is essentially de-
termined by the spring properties of the tendoree Tateral force is growing up to 90 kN and
then, with increasing crack width and damage ofctiraers, the resistance of the wall decreases.

An absolute maximum horizontal displacement of 48 and an absolute maximum horizontal
force 91 kN could be reached. By increasing thenabiforce due to prestressing, shear failure
was avoided. After reaching the proportionate begdiesign resistance as a result of prestress-
ing, the resistance was increased due to additelpabation of the prestressing bars (caused by
the rotation) up to the time in which the compresszone failed. In this condition, the elastic
limit of the prestressing steel was not reached.
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H [kN]

d [mm]

Fig. 4-26: Horizontal load displacement diagramvafl T 3 [Otes, Loring, Elsch 2002]

4.2.4.2 iBMB tests of Braunschweig

The static cyclic experimental tests of prestresgezhr walls were carried out at the iBMB in

Braunschweig [Budelmann et al. 2004]. Four wallsemested, with dimensions and extra loads
like walls used for stiffening of buildings withrée floors. Only the ground floors were consid-

ered as they are most critical under seismic ackonall walls, two strands (tendons) have been
used for vertical prestressing. The complete erpamial set-up is depicted in Fig. 4-27 on the
left for wall 1 (W 1). Furthermore, another positiof the strands closer to the middle was inves-
tigated in wall 2 (W 2). The influence of slendessavas taken into account by means of two
different length, therefore wall 3 (W 3) and wal(W 4) were constructed with a slenderness of
two (see Fig. 4-30). To ensure correct support itemd also a floor slab and their supporting

walls on the ends were erected (see Fig. 4-27and4-30). These conditions were equal for all

walls, except wall 4. There the floor slab was srpgal only on one end as outlined in Fig. 4-30
on the right. The geometrical properties of thelsyahe strands positions as well as support
conditions are listed in Tab. 4-1. The materialpemies were equal for all walls and are given in
[Budelmann et al. 2004].

Properties of wall
. Thick- | Distance of ten- | Distance of
wall | Length | Height ness don to edge tendons Support
[m] [m] [m] m] [m]
w1 2.5 0.25 2.00
w2 | 25 0.625 125 |Onwo
sides
2.50 0.175
w3 1.25 0.25 0.75
w4 | 125 0.25 ors | Onone
side

Tab. 4-1: Geometrical properties of the walls [Botinn et al. 2004]
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Fig. 4-27: Experimental set-up, Left: Complete setfor wall 1 and cyclic load curves,
Right: Wall 2 [Budelmann et al. 2004]
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Fig. 4-29: Horizontal load displacement curvestl\fall 1, Right: Wall 2 [Budelmann et
al. 2004]

The horizontal loading — in reality caused by upgkreys and traffic load - was applied by
means of a jack (see Fig. 4-27 on the left) and kepstant. The prestressing forces were pro-
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duced by strands. A horizontal displacement wadiegppn the centre of the concrete slab in a
static cyclic way in different increasing step witiree cycles per step and equal amplitude, as
depicted in Fig. 4-27 on the left. The crack paiteare shown in Fig. 4-28 and Fig. 4-31. The
diagonal crosses are very typical of earthquakeag@mNone of the four walls failed completely
before the displacement limit of the test equipmeas reached, despite the high unit damage
which was observed in the final state. However,| @and wall 3 collapsed partially as pre-
sented in Fig. 4-28 and Fig. 4-31 each on theAefhixture of different failure types as bed joint
sliding and diagonal tension occurred. In Fig. 4a2@l Fig. 4-32 the load displacement curves
are displayed, which show the most desirable belbaviegarding seismic performance for
wall 2. The shear capacity and the ductility areyvgigh. The area enclosed by the hysteresis
represents the energy dissipation, which is vergdgor wall 2 and also good for wall 3 taking
into account that slender walls in general do msgigate much energy.

Measured values like the displacement u and thizdntal loadH are summarised in Tab. 4-2
for all walls. The indexu means the ultimate point of loading, whereasndicates the occur-
rence of cracks. The sum of prestressing forcéwofstrands is denote2kP,. The dead load of
the wall and upper storeys as well as traffic loagsexpressed b3+F. In the last column, the
forces in the prestressing elements after readhiegiltimate loading poin@xR), are given. A
significant decrease was observed. Moreover, tfierent types of failure are listed. Unfortu-
nately, no foundation was available to investigag@ivalent non-prestressed walls within this
research project.
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Fig. 4-30: Experimental set-up, Left: Wall 3, Rigtitall 4 [Budelmann et al. 2004]
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Fig. 4-32: Horizontal load displacement curves ti¥fall 3, Right: Wall 4 [Budelmann et

al. 2004]
M easur ement categories
wall | 2xPy | G+F | Hg Uge Hy Uy Typeof failure (G+F)y | (2xPo)y
[kN] [kN] [kN] | [mm] | [kN] |[mm] [kN] [kN]
+217 +109 Max. displacement of thg
wi 360 245 -227 3 -105 7 testing equipment 245 260
w2 356 245 *+223 6 +89 23 Partial collapse of the wall 245 128
-220 -94
+110 +60 Max. displacement of thg
w3 352 110 -114 7 -60 23 testing equipment 110 260
+101 +34 .
W4 274 110 100 11 16 20 | Partial collapse of the Wﬁ" 110 140

Tab. 4-2: Loading and results [Budelmann et al 4200
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4.2.5 Wall-tendon interaction

Up to now, the high resistance and ductility of grestressed walls of Braunschweig [Budel-
mann et al. 2004] were explained just due to tiyh lvertical loads. In literature about experi-
mental shear wall tests, several authors repotttdba ductility in case of high vertical loads as
for instance [Page, Samarasinghe, Hendry 1980]nfyiMiiller 1982], [Oliveira 2003], [Jager,
Schdps 2006], [Schlegel 2004]. In consequencehitje vertical loading would usually lead to
low ductility of in-plane loaded masonry shear walh contrast, this is not observed in case of
the prestressed walls of Braunschweig as well aptestressed wall of Dortmund [Otes, Léring,
Elsch 2002]. The author of this thesis developebeary of wall-tendon interaction of internal
prestressed shear walls, which explains this cdittian. Correspondingly, the tendons inside
the wall are the correct reason for the good dtictielues, not the high vertical load itself. For
all these prestressed walls in [Budelmann et @42and [Otes, Loring, Elsch 2002] the tendons
were located inside the wall and the tendons ceolitact the masonry during the horizontal
loading process as outlined in Fig. 4-17 middlesk&w slide down of the wall part outside the
tendons indicates an effect of hooping (or a tieefipct). This means, the tendons also act as a
kind of helical reinforcement. Thus, a loadbeafepaviour similar to cables occurs in addition
to the prestressing.

Force[kN]

7 il 20 25 30
',l 'y Displacement [mm]

— Vertical stress = 0,25 [N/mm*2]

Vertical stress =0,5 [N/mm*2]

— Vertical stress =1,0 [N/mm*2]

Fig. 4-33: Comparison of static cyclic tested shealt for three different vertical load levels
[Mistler et al. 2007]

This is confirmed by the experimental tests ofiBiB [Budelmann et al. 2004]. Especially in
case of wall 3 and wall 4, a slide down of the wedfts outside the strands (see Fig. 4-28 and
Fig. 4-31 each on the left) indicates the wall-mmdhteraction. The partial collapse due to di-
agonal cracking takes place only beyond the tenddfiereas, the inner part (also diagonal
cracked) still remains in the wall and carries ltheds. In particular for wall 4, it is very clearly
visible in Fig. 4-31, how the sliding wall partsntact the prestressing bars and bend it in the
final stage. As well experimental tests of Fehlamgl Stirz [Mistler et al. 2007] with different
vertical load levels confirm the authors’ theoryaofvall-tendon interaction. Their results of shear
walls without tendons are depicted in Fig. 4-33johtclearly show the lower ductility with in-
creased vertical loading. The red curve belonga tertical load level of 1.0 N/mmz2, which is
even lower for the prestressed walls of Braunschwiiere, vertical stresses of 1.38 N/mm?2, up
to 2.11 N/mm? result from the vertical loading. Pis this high vertical loading, a higher ductil-
ity was observed for the prestressed walls by meatendons in the walls.
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Probably, no ductile behaviour can be observe&peemental tests for external tendons, inter-
nal prestressing elements without contact andnateiendons close to the middle of the wall.
For these cases a sliding down of wall parts nterdhsupported by the tendons after diagonal
cracking. To prove the wall-tendon-interaction thhe@omplemental experimental tests of refer-
ence walls with equal material properties and vaettioads would be necessary, however applied
with external tendons. A comparison would probabhow the lower ductility of external
prestressed walls.

The described effect of wall-tendon interactiondtidoe important for compact walls, which
usually collapse due to diagonal tension, howes®s Important for slender walls — in particular
for SC 2 - which fail due to rocking and finallyet@rushing. Toe crushing cannot be avoided by
means of vertical prestressing with internal bongedions or strands.

4.2.6 Examples of application

Vertical prestressing was employed in the 80’'sttength masonry bracing walls against wind
loading. In the last time this idea is followed topmprove the resistance against seismic action.
Below some important examples are presented.

4.2.6.1 Salvation Army Citadel

In the early 80's the main building of the citadélthe US military in Warrington, United King-
dom as presented in Fig. 4-34 was partly built iefspressed masonry walls. The main hall is
25 m long, up to 8.5 m high, and 15 m in width. Doe@conomic reasons hollow masonry walls
have been prestressed by means of the MacallogBstem (see Fig. 4-36). Due to a surround-
ing strip-line light, the hall could not be bracgzhtially.

Fig. 4-34: Salvation Army Citadel, Left: ElevatidRight: Wall section [Ganz 2003]

The wall consists of an exterior and inner leafd @ separated into several segments. Every
segment is prestressed by two tendons with a deaméB82 mm each and a prestressing force of
1035 MPa.
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Reinforced Concrete
Padstone at Roof Level :

+5.2m Above F.F.L.

50mm @ Sleeve
Cast into Padstone \—— 100 x 100 x 10 Head Spreader Plate
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+ 75mm into Concrete Footing

Mechanical Connector ﬂ]]

FEX N
! ;| <¢———— Foundation
100 x 100 x 10 Anchorage Plate

600mm Locally
Beneath Masonry

Fig. 4-35: Wall section Orsborn Memorial Hall [Gat@90a]
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Fig. 4-36: Mechanical drawing of the Macalloy Basstem [Prestressing method Macal-
loy Bar System 1993]
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4.2.6.2 Kindergarten Zurich

In the Kindergarten in Zurich, Switzerland, the VBbst-Tensioned Masonry System was ap-
plied in for two brick cavity walls, where the innleaves were post-tensioned (see Fig. 4-37) in
order to provide the necessary resistance againssfeplane lateral wind action. The internal
leaves with large window openings are made of tliagks and have a thickness of 140 mm.
They achieve a height up to 4 m. The walls are sdpg horizontally on top by means of a steel
frame in the roof. For each wall, Five monostragnidons were used. The dead-end anchorages
were located in a floor slab with thickness of 28@. The stressing anchorages were placed in
precast concrete elements whose height had to ftet&kean absolute minimum of 130 mm to
avoid visibility in the interior of the room [Gari®90a]. To resist bursting forces, ordinary bed
joint reinforcement was put under the elementsr§tendon was tensioned with 180 kN.

Prefabricated Element
Bed Joint Reinforcement

_v-0.10
_v-0.35

! —_—
J 100

Fig. 4-37: Kindergarten Zurich, Left: Wall dimens®and tendon layout, Right: Wall section
[Ganz 1990a]
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Fig. 4-38: VSL System for prestressed masonry [G&80a]
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Due to the very small dimensions of the prefabedatoncrete elements, preliminary tests were
carried out to verify the safety for the applicatiof the prestressing force into the masonry. Un-
bonded monostrands are used in case of the VSE8yfstr masonry. This can be high tensile
steel strands. To achieve maximum corrosion pratecthey are greased and coated with ex-
truded plastic. A third protection layer is prowidby durable tube around the monostrand. In
Fig. 4-38, a typical VSL masonry tendon is illugtih It consists of a monostrand (15 mm di-
ameter), a galvanized steel or plastic tube, s&sitrg anchorage placed in a concrete element,
and a dead-end anchorage. The last is cast insidesitu concrete at the lower end of the ten-
don. The wall construction starts after casting e segments are threaded to the anchorage or
duct segments that are previously placed. Wherfitlaé wall height is reached, the final duct
segment is cut to the required length and a prifaied concrete element containing the stress-
ing anchorage and a sleeve for the duct is placem of the wall [Ganz 1990a]. After the ma-
sonry reaches the demandable strength, the prasggderces may be applied.

4.2.6.3 Factory Regensdorf

In 1988, the Post-Tensioned Masonry System wasamglin a second project in Switzerland.
A 250 mm thick fire proof wall in a factory in Regglorf (see Fig. 4-39 and Fig. 4-40) near Zu-
rich, 36 m long and up to 8.8 m high, was prese@sgith seventeen tendons. The wall consists
of calcium silicate units and was designed to withd a wind velocity of 21 m/s as a cantilever.

Prefabricated Element ﬂ Bed Joint Reinforcement

Fig. 4-39: Factory Regensdorf, Left: Wall dimensi@md tendon layout, Right: Wall section
[Ganz 1990a]

S e
Fig. 4-40: Factory Regensdorf [Ganz 1990b]
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Below the masonry, the dead-end anchorages wececpla a 1 m high in-situ cast concrete pad.
It was connected to an existing floor slab by meafanchors. Prestressing anchorages are lo-
cated in prefabricated concrete cubes that hawgedength of 250 mm. Two layers of bed joint
reinforcement were placed below each anchor. Irnrasnto the Kindergarten-project, here the
dimensions of the precast elements were chosen asi¢h limit the bearing stresses under a
maximum jacking force of 200 kN that means 75% lamate, to 40% of the uniaxial masonry
strength. The last value was presumed to provelgfacient factor of safety against local failure,
also in case of early stressing after seven days.

4.2.6.4 Hall 8 iBMB

The Institute of Building Materials, Concrete Constion and Fire Protection (iBMB) and the
material testing institute (MPA) erected in 2004 tHall 8 in Braunschweig, Germany (see
Fig. 4-41). It consists of a basement, a hall atitree storeys office complex. The whole build-
ing has dimensions of 25.8 m in length, 24.5 midtivand 14.0 m in high.

Fig. 4-41: Hall 8 of iBMB, Braunschweig, Left: Fafied hall [Budelmann et al. 2006], Right:
Construction process

The bracing system against lateral wind and crangvay action consists of seven prestressed
masonry walls, which are marked in red in Fig. 4-B2e prestressing system of SUSPA-DSI is
applied which uses monostrands. Two different medrsand-lime brick masonry are used. For
the walls of Pos. 1 to Pos. 6, they are built upnisans of variation A with thin bed joints,
whereas for Pos. 8 variation B with normal joirgsused. All wall panels are prefabricated, thus
an efficient, economic production and high qualgtyensured. Thus, the construction process
took place rapidly by means of a crane to instadl wall panels, as shown in Fig. 4-41 on the
right. For Pos. 1 to Pos. 3 two strands are locateshch wall, whereas three are used for the
Pos. 4 to Pos. 6, and four prestressing elememt®ds. 8. All have a diameter of 15.7 mm
(0.62”") and are surrounded by plastic conduite 3imall space between the masonry and the
conduits is filled with grout. It is to differentebetween execution type A and type B regarding
the strands, which are outlined in Fig. 4-43 onrtpbt. In case of Pos. 8 type A is used to install
the strands. A dead-end anchor is casted into etan the lower end, while the prestressing
anchor is located on the top. For the Pos. 1 to ®btgpe B is applied. That means the prestress-
ing anchor is in a wall recess on lower part ofwla (see Fig. 4-42). With an innovative meas-
uring method the prestressing forces are permacemtrolled. The strands are non-bonded,
which allows a regulation of the tension, for imsta in case of an observed decrease of
prestressing forces. The wall (Pos. 8) is of irstefer calculation in the following chapters.

75



4 Masonry

1 2 3 4 5
+ 6.00 4 6.00 4 6.00 4 6.00 t
B L g I l | i
- N YT b=
| | | % | I%
g i I I L |
e :
| | | ﬂ
[, 1M 1S e s P e | R 5,
i Pos.3
Ml Pos.8 | Halle l Pos.6 j iy I
§ : | I Office |
£ | | I
g | I j Office | _
=0 49 HLilREnd v
M
8 | | | Poss office |
T # | | |
D :"J_;‘ | | j Office
A e R L SRR L R W L o L (.
il | |
= :| | | Pos.4 j Pos.1
5 :| | | Office |
:
8 WAL VAL N - T Fil
Fig. 4-42: Hall 8 of iBMB, Braunschweig - Top vigBudelmann et al. 2006]
:T}‘pe A ] !Type B
i ; i

Prestressing
anchor

Prestressing
anchor

i Prestressing anchor
Prest_res:’-‘mg anchor wall recess
cast into concrete

i

i

i

Fig. 4-43: Hall 8 of iBMB, Braunschweig - Wall sert [Budelmann et al. 2006]
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4.2.6.5 EMPA-building in Diibendorf

In the framework of a check, regarding the eartkguasistance in the region of Zurich, essen-
tial buildings as schools and meeting-places haghhiavestigated. The following data are
guoted of [Bachmann 2007]. As a result rehabilitatmeasures are necessary to ensure the
safety of some buildings of the Swiss Federal Latmies for Materials Testing and Research
(EMPA) in Dibendorf close to Zurich, Switzerlanchely were erected in the 1950's. In detail,
the administration and laboratory buildings, whick presented in Fig. 4-44, are strengthened in
2006 and 2007 by means of vertical prestressing. ddministration building is three storeys
high, 50 m long and 18 m in width. With dimensi@isl20 m in length and 20 m in width, the
four storey high laboratory building is much bigger

Fig. 4-44: Administration building and laboratonyilding of the EMPA, Diibendorf, Switzer-
land [Bachmann 2007]

Fig. 4-45: External prestressing of the adminigirabuilding of the EMPA [Bachmann 2007]
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Both structures consist mainly of reinforced coteiftameworks and reinforced concrete brac-
ing walls. However, the head facades are made ahB&ick masonry walls. In case of ground

acceleration in transverse direction these maswmdjs have to carry an essential part of the
seismic loading. The seismic investigation ideesfthree of these four walls as weak points,
which are mainly caused by numerous openings forddand windows as well as the relative

low vertical loading. It is expected, that the apglvertical prestressing improves the behaviour
of the walls. Steel strands with a diameter of 32 @are located outside the two walls of the

laboratory building. A vertical load of 500 kN isqgoluced. The weak wall on the north facade of
the administration building is prestressed by meafnexternal prestressing elements made of
carbon-fibre-reinforced plastic (CFRP). The waltahe tendons are shown in Fig. 4-45. The
eccentric position requires additional steel beamthe roof and a counterbalance of concrete.

4.2.6.6 The bell tower in Trignano

For historical masonry merely the example of atpessed bell tower is found, which is quoted
in [Desroches, Smith 2002] and [Fugazza 2003]. $h&iorgio Church, located in Trignano
(S. Martino in Rio, Reggio Emilia, Italy) was stkuby a 4.8 Richter magnitude earthquake on
October 15, 1996, resulting in significant damag¢hte bell tower within the church. Following
the earthquake, the tower was rehabilitated usivape memory alloys (SMAs). Four vertical
prestressing steel tie bars with SMA devices wéaeqal in the internal corners of the bell tower
to increase the flexural resistance of the stractas shown in Fig. 4-46. The SMA devices were
made up of 60 wires, 1 mm in diameter and 300 mharigth. An important effect of SMA is the
dissipation of energy. The bars were anchoredeatdp and bottom of the tower. Consequently,
two rehabilitation measures are applied on thithisal structure. On the one hand the SMAs to
improve the dynamic behaviour, on the other hamdpitestressing to increase the resistance of
masonry.

ﬂﬂ Steel
bars +
SMA

Fig. 4-46: Bell tower of the S. Giorgio church, t:éast wall [Indirli et al. 2001], Middle: In-
tervention scheme [Indirli et al. 2001], Right: SE4 after assembling [Castellano 2001]

The goal was a limitation of force applied to thasonry by post-tensioning the SMA devices,
thus guaranteeing constant compression acting emmiéisonry walls and keeping the applied
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force below 20 kN. The retrofit was tested by aoni_ = 4.5 Richter magnitude earthquake on
June 18, 2000, with the same epicenter as the @avd896. After the main shock, the tower was
investigated and no evidence of damage was present.

4.3 Numerical modelling

To predict the structural behaviour and to assessdamage, numerical methods based on the
finite element method (FEM) are used in this thebisfollowing some basics, regarding the
simulation of masonry, are briefly given. Essentiaics of the FEM itself are given in funda-
mental literature as [Ahrens, Dinkler 1994], [MijI&roth 2001] or [Link 2002]. First of all, an
overview of modelling strategies for masonry isegivThereafter, the used material models are
described as well as the used damage parametertheindlefinitions. Finally, possibilities to
model prestressing are discussed.

4.3.1 Modelling strategies for masonry

The anisotropic and discontinuous nature of thisenl is caused by its composites (units and
mortar), their assemblage, and the anisotropy aferaus unit types. Several methods to simu-
late masonry were developed. A famous categorisatficcomputational modelling frameworks
for structural masonry is given below. In the kteere several terms are used for the same
method. Perhaps the most appropriate strategies é@m the university of Delft [Rots 1997]
and [Lourengo 1996] where three principal modellstgategies are identified as depicted in
Fig. 4-47.

Modelling strategies
|
I ] |
Homogeneous model Discrete |model
| |
Simplified Detailed
model model
i . i [ ‘ ‘ ‘ ’ ‘
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Fig. 4-47: Overview of modelling strategies for masy structures
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The modelling strategies are briefly listed subsedy:

» Macro-modelling — where all three principal featioé structural masonry are repre-
sented by an equivalent continuum

* Meso-modelling — ‘geometrically expanded’ continuunits, with discontinuum ele-
ments covering the behaviour of mortar joints andrfaces

e Micro-modelling — units and mortar in the jointpresented as continuum, whereas the
unit/mortar interfaces are modelled by discontiraielements

The first method, macro-modelling - also referredas smeared, continuum or homogenised
model - does not make a distinction between indi@idinits and joints. Masonry is treated as a
homogeneous anisotropic continuum. The second apprs an agreement between macro- and
micro-modelling, which is named meso-modelling iondified discrete model. Here, each joint,
consisting of mortar and the two unit-mortar indeds, is simulated as one ‘average’ interface
that is located in the middle of the joint and d#ms the joint as well as the bond properties,
while the units are expanded in order to keep twnetry of the structure unchanged. Masonry
is thus considered as a set of elastic blocks lbbgigpotential fracture lines at the joints. Accu-
racy is lost since Poisson’s effect of the mortarnot included. The last strategy, mi-
cro-modelling, is not used in the framework of ttissis, since it goes in line with a high calcu-
lation effort. The Young’s modulus and Poisson'soraf mortar and stones are taken into
account separately as well as, optionally, inedgstbperties of both unit and mortar.

The interface represents a potential crack/slipghaith initial dummy stiffness to avoid inter-
penetration of the continuum. This enables the dnetbaction of unit, mortar and interface to
be studied under a magnifying glass. Fields ofiepfpbn are for instance the detailed investiga-
tion of mortar joints as done in [Twelmeier, SpetheBudelmann 2008], special impacts of mor-
tar on unit damage, or to give a better understendbout the local behaviour of masonry struc-
tures. This type of modelling applies notably toustural details, but also to modern building
systems like those of concrete or calcium-silidcdteks, where window and door openings often
result in piers that are only a few block unitdength. These piers are likely to determine the
behaviour of the entire wall and individual modadliof the blocks and joints is then to be pre-
ferred [Lourengo 1996]. One modelling strategy adrbe preferred over the others, since differ-
ent application fields exist for macro, meso andrmimodels. Macro models are applicable
when the structure is composed of solid walls vetffficiently large dimensions so that the
stresses across or along a macro-length will benéisdly uniform [Lourengo 1996]. Due to the
reduced time and memory needs as well as a simp#h meneration, homogenous models are
more practice oriented. It allows the calculatidiig structures and the application of time con-
suming analysis as transient and probabilistic &trans. Meso-modelling is most valuable
when a compromise between accuracy and efficienogéded.

4.3.2 Basics of plastic theory

An assessment of seismic loaded masonry strudiuteg ultimate limit state requires a descrip-
tion of its non-linear material behaviour. Therefoelastoplastic material models are used in this
study, which base on the theory of plasticity. Thase well established and sound numerical
algorithms have been implemented. The basics eftf@ory and the numerical implementation
are elaborately illuminated in [Owen, Hinton 198 hen 1982], [Chen, Han 1988] or [Hof-
stetter, Mang 1995]. Subsequently, some importafiormation are briefly summarised. To de-
scribe metals the plastic theory was developed.elewit can also be used for quasi-brittle ma-
terials as concrete or masonry, if they are loddddaxial compression and shear-compression
problems where inelastic irreversible strains dvseoved, [Pijaudier-Cabot, Borderie, Fichant
1994].
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As formulated in Eq. (4-2), the assumption of asglplastic constitutive model demands essen-
tially, that the overall strain can be separated in an elastic prand an inelastic or also re-
ferred to as plastic past.

e=g%+¢g" Eq. (4-2)
Based on Hook’s law, the elastic strain rdt® is related to the stress rate by the elastic stiff-
ness matriX in the elastic range, as given Eq. (4-3).

do =K [He® Eq. (4-3)

Yield functions that limit the elastic domain ane @ssential notion in the plastic theory. If the
stressew satisfy the general yield criterion, yielding camly occur. It depends on the stress
and scalak (see Eq. 4-4), which is introduced as a measurth®amount of hardening or sof-
tening.

F(o,k)=0 Eq. (4-4)
In general, however, it is extremely complex toalié® the material behaviour with a single
yield surface and one must resort to the theomuolti-surface plasticity by a number of func-
tions F; which define a composite yield surface [Louren®86]. That multi-surface yield crite-
rion can be continuous or discontinuous. In casea afontinuous transition as depicted in
Fig. 4-48 on the left, the plastic strain rateseqgaal in the intersection and it is true

de™ =de,” =de,” Eq. (4-5)
In case of a discontinuous transition (see Fig84%#d the right), the plastic strain rates are un-
equal in the intersection and it is true

de™ #zdg” #de,” Eqg. (4-6)

For the numerical treatment of such intersectionaraber of literatures exist.

def' = de?!
F»

F] : \\\\

Fig. 4-48: Transition of two yield criterions, Le€ontinuous, Right: Cutting edge
[Schlegel 2004]

The plastic strain rate™ are calculated by means of the yield criterionscdse of an associ-
ated flow rule, which is reasonable for steel - phaestic potentials is equal to the yield surface
Fi and the plastic strain rate is perpendicular éoyileld surface.

G(0,k) = F(0,K) Eq. (4-7)

However, it describes a dilatation, which can beoirect for materials like concrete and ma-
sonry, since a dilatation is not confirmed by ekpental test [Schlegel 2004]. Regarding this
phenomenological reason, the use of a non-assddiat® rule can be reasonable for a better
adjustment. In this case, the plastic poterfak unequal the yield surfade and the plastic
strain rate is not perpendicular to the yield stefa

G(o,k) % F(0,K) Eq. (4-8)
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For single surface plasticity, the assumption nba-associated flow rule leads to

de? =& Ed. (4-9)
00

Here,d! is the plastic multiplier rate. If the yield criten changes due to the load history, hard-
ening or softening occur and the yield surfaceeespely the plastic potential is modified. This
can be taken into account on the one hand by m&famsrk hardening. The parametér should

be a work measure and simply reads

dsk =wWP =gTe” Eq. (4-10)

On the other hand, strain hardening (or softendag) be used. The scakds is adequate to the
equivalent plastic strain rateeps Which must always be positive and increasing.

4.3.3 Material models

In this section all material model, which are usedhis thesis to simulated masonry, are de-
scribed. The most important one to solve the geablems of this work is the model of Lago-

marsino and Gambarotta [Gambarotta, Lagomarsin@]9&ee Section 4.3.3.2). Nevertheless,
more rare used material models are explained dsAvedasonable application of these different
models regarding distinctive tasks is discusseskiction 4.3.3.4.

4.3.3.1 Interface material model of Delft

A material model of the Delft University of Techogly to describe the behaviour of the interface
which can be used for micro- and meso-modelling @ection 4.3.1) is precisely explained in
[Lourenco 1996] and [Rots 1997] as well as briéflyfLourenco, Rots 1997]. Lourengo devel-
oped a constitutive model for the monotonic behawviaf interface elements within the incre-
mental theory of plasticity [Lourenco 1994]. Thimdel was checked by means of experimental
data. In reproducing experimental results, welluagacy was observed. Nevertheless, the model
is not able to predict stiffness degradation anergy dissipation, as observed in experimental
results that are loaded cyclically. Note, that pelastic behaviour during unloading from the
yield surface is assumed in case of classicalipifstA convex composite yield criterion is used
in this rate independent model. The criterion cstssof three individual yield functions, where
softening behaviour is included for all modes. Hedd functions account for tension criterion,
Coulomb friction criterion and compressive capesidn as depicted in Fig. 4-49.
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—~ . Friction

Cap - S \\1\\/{ode

Mode 4 N

/ ~

. Tension
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/
I}
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Initial yield surfaceﬁ,»»*“"'Residual yield surface\\ g

Fig. 4-49: Interface cap model for hardening arftesing [Lourengo 1996]
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Exponential softening laws are chosen accordingvailable experimental data in order to

model tensile and shear failure. While for the cogspion mode, a hardening/softening law is
adopted. The uniaxial behaviour under tensile, cesgive and shear loading is reproduced
based on these isotropic hardening laws. For &@sitl cap modes associated flow rules were
adopted. Whereas, a non-associated plastic pdt&timas assumed for the shear mode with a
cohesiorc anddilatancy angle? as expressed in Eq. (4-11).

G, =|r|-oan¥ -c Eq. (4-11)

Van der Pluijm [Van der Pluijm 1993] has recognisedt dilatancy and friction angles are dif-
ferent, therefore a non-associated flow rule farashs necessary. This material model is avail-
able in the finite element code DIAN&or interface elements.

4.3.3.2 Material model of Lagomarsino and Gambarotta

In this work, in-plane loaded brick masonry sheatisvare mainly simulated by means of a con-
tinuum damage model developed by [Gambarotta, Lagsimo 1997b], which bases on a mi-
cromechanical approach and finite element methad.dble to describe tensile versus compres-
sive response of mortar joint. The constitutiveatguns are obtained on the hypothesis of plane
stress condition and considering a homogenisatioogglure of two layered mediums: the mor-
tar bed joint layer and the layer representativéhefbrick. In order to take into account decohe-
sion and slippage in the mortar joint the formemisdelled, while the latter considers the dam-
age and failure of bricks. The contribution of naorhead joints is not considered in this model.
Fig. 4-50 depicts the simplification described ab®chematically as well as the definition of
coordinate system (x in direction of the bed jawnd y perpendicular), which is necessary to
know the orientation of the mortar bed joints thgbout the structure. Input parameters of this
material model and their notations are listed ib. %&a3.

Parameter Sym.
Density p
Young's modulus of masonry E
Poisson's ratio n
Friction coefficient u=tane
Tensile strength mortar Opm
Shear strength of the mortar joints Tmr
Inelastic deformation parameter for morfar Cpy
Softening coefficient mortar Bm
Compressive strength of masonry Gpr
Shear strength of bricks Tor
Inelastic deformation parameter for brigk  Cyp
Softening coefficient of the masonry By
Young’s modulus of concrete E.
Rayleigh mass damping o
Rayleigh stiffness damping B

Tab. 4-3: Material parameters and related abbiievisof the constitutive model of Lago-
marsino and Gambarotta
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o

Fig. 4-50: Schematisation and volume of the masaraty [Calderini 2004]

This model considers inelastic strains in the moied jointse”, and in the units,, while
mechanisms of inelastic deformation involving theadh joints together with bed joints are ne-
glected. The overall minor strain or also refertedhs average strain, is calculated as given in
Eqg. (4-12) by the elastic compliance matfiy.

e=K, o+’ +&! Eq. (4-12)

The minor strain, as well as the related minorsstrare composed of normal components in the
direction normal to the mortar bed joints, tangantomponents and shear components as noted
in Eq. (4-13) and Eq. (4-14). The inelastic strafirmortar and bricks used in Eq. (4-12) may be
further divided into extensionand slidingy, which is shown in Eq. (4-15) and Eq. (4-16).

e={e.,. N} Eq. (4-13)
o={0,,0,,)} Eq. (4-14)
eh ={0.,.y.}' Eq. (4-15)
& ={0,5, y,}' Eq. (4-16)

The last are determined by Eq. (4-17) and Eq. (4-IBe extensional and tangential inelastic
compliance parametecs,, andcy: characterise the bed mortar joint.

En = ContH (ay)ay Eq. (4-17)

ym = Cmtam(r - f|) Eq (4'18)
The Heaviside function H takes into account thdateial response of the joint. The friction at
the interfacef; vanishes, if tensile stresses occur, and limigsdliding in case of compressive
stresses. Later on, the mortar damage variahle discussed. Similar it is done for the inelastic
ity of the brick damage (see Eq. (4-19) and ER@%-

& =Ca,H(-0,)0, Eqg. (4-19)

Vo =Gy Eqg. (4-20)

Whereay, is the brick damage variable,, andc, represent the compressive and tangential com-
pliance parameters of the bricks. The Heavisidetfan H in Eq. (4-19) accounts only for the
vertical compressive strain in bricks. In fact, thelastic vertical extension in the masonry is
localised in the bed-mortar joint due to their Isttength in comparison with the tensile strength
of the bricks. The effect of sliding of the bricknegligible compared to the mortar bed contribu-
tion, thus ifem, e andym are known, the strains in the element may be ohéted. The failure
limit states and the related formulae are outlimeBig. 4-51. The failure type taken into account
and the yield surfaces are similar to the alreapfagned material model of Lourengo and Rots
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[Lourenco, Rots 1997]. Here, the homogenised nadtericharacterised by three yield surfaces
that consider the tensile failure, slippage injthiets including the friction law (where is the
friction coefficient), and the brick failure.

T
Joint failure
Brick failure Tor
2 2
[ &,
o, T, i
5 /?/ x/( < 1)
- =
e 2.
N 0 Tmr
atanp \
0-br 0.mr G}'

Fig. 4-51: Mortar joint and brick failure domainddmbarotta, Lagomarsino 1997b]

The tangential compliance parameter for masagrgannot be entered by a selected value. In-
stead it is calculated automatically - to reduceriimber of input parameters — by the relation-
ship of shear strengtly, and the compressive strength of masonry to the inelastic compliance
as given in Eq. (4-21).

C 2

Sn = T Eq. (4-21)

Cbt Jbr
If tensile stress acts on the mortar bed joiags (0), both damage mechanisms of brick and mor-
tar become active. If bed mortar joints are sulj¢d compressive vertical and horizontal loads
(oy < 0), three different damage mechanisms may beawtiee: the damage of the bricks, the
sliding of the bed joint and the damage to the jpeds. The model is able to describe strength
and stiffness degrading (see Fig. 4-52) and s@hstit response to cyclic shearing strains due to
activated frictional mechanisms and damage paramefspecially, in Fig. 4-52 on the left, the
difference of unloading curve and elastic stiffnissslearly shown. Subsequently, the determina-
tion of damage is elucidated.

Stiffness M Strength M

degradation: loss: )
. M i} -+

Mpli+ 1) =+

Fig. 4-52: Left: Stiffness degradation, Right: &gth loss [Urban 2007]

As already mentioned, the inelastic contributioresdescribed by these internal variables which
evolve through the damage process and are alsoivigy fitted in each load step. Moreover, the
internal damage parameters determine strengthtdfrebss degradation of the mortar bed joints
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and the bricks. The evolution of damage is desdribgerms of two damage variables denoting
the brick damagey, and the damage in the mortar joiats In this constitutive model only the
contribution of the bed joints is included. The daya evolution is defined, in accordance to the
toughness function or also named R-curve approsbith is used in the theory of fracture me-
chanics by imposing the damage energy releaseYate be less than or equal to the toughness
R. It is assumed that the toughness funcR¢x) depends om, which is outlined in Fig. 4-53 for
the mortar. These damage variables express theofassighness at each node of the element.
Loss of toughness might be described as the decne&nergy needed to cause further cracking,
expressed as the percentage of the energy needleel imdamaged state. The dissipated energy
and the damage energy release ¥aidave to be determined within the load step andidm-
age variables have to be calculated iteratively.

Ry | Yo
Ruef———- B
t
!
Aﬂ\c Yoo
|
|
i
l
: Ru(0t)
i
!
Ope=1 Ol

Fig. 4-53: Damage function for the mortar joinglde and unstable evolution [Gambarotta,
Lagomarsino 1997a]

The structure may react very brittle or almost fitasf cracking takes place. The softening pa-
rameterp characterises whether the material reacts briftte parametef would be equal to
one in that case. In the contrastf af 0 goes in line with ideal plasticity. To accodar the
post-peak behaviour the resistance towards crackiag be described by Eq. (4-22), which
would result in Fig. 4-54 for different valuesfUrban 2007].
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Fig. 4-54: Loss of toughness with increasing danjblgean 2007]
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In the Eq. (4-22)R is the maximum of the toughness funct®f@) anda is the damage parame-
ter of this material model.

R@E O<a<l

Eq. (4-22
R’ a>1 q. (4-22)

R(a) = {

Static and transient analyses either by statiticstgclic or seismic actions are feasible by this
constitutive model. The interested reader is reféto [Gambarotta, Lagomarsino 1997b] to gain
more detailed information.

4.3.3.3 Material model of Schlegel

At the University of Weimar an advanced and aceunagterial model for masonry is developed
by [Schlegel 2004]. This homogenised approach basesthe plastic theory. Schlegel
[Schlegel 2004] implemented it into a finite elerheade and extended the constitutive model of
Ganz [Ganz 1985], to 18 types of faillfe Thus, the model of Schlegel [Schlegel 2004] takes
into account also the tensile failure paralleltte bed joint. All failure modes considered in this
model are outlined in Fig. 4-55 by means of thelkaatterns as well as the related yield crite-
rion notations. To account for anisotropic hardgrand softening, each yield criterion is formu-
lated in dependency of the related hardening desifg parameter. The originally failure condi-
tion for the plan stress is extend to spatial stré®r in-plane loaded masonry structures, the
criterionsF; to Fyo are sufficient, while for three dimensional masosiructures the criterions
are extended tB1g in analogy to the criteriond; to F1o. Schlegel assumes a masonry, in which
the failure mechanisms in both directions perpandicto the head joint and perpendicular to the
longitudinal joint are similar. It can be the modéth the same failure criterions, to predict the
three dimensional behaviour. An elaborate depictiérthe yield surfaces can be found in
Fig. 4-56.

7 Criterion Typical
crack pattern
@ | |
F., Fpp 1,7
® l ® o Fo. Fis 1.6
® \ Fi Fuy 1
T T\ T s
6 s s
O | @ L\ F; 3.4
R Ny —
\ Fo, Fyy 5
Fio, Fis 2

Fig. 4-55: Types of cracks and related flow rulgsHlegel 2004]

Schlegel’'s material model takes also into accoumtdifferent types of bond by input parameters
as anda, for the stone size as well ag(o,) for the overlapping. It is very important to notieat
the coordinate system used in [Schlegel 2004] EBge4-56) is differently defined than in the
model of Lagomarsino [Gambarotta, Lagomarsino 199iich is explained above and defined
in Fig. 4-50. This difference occurs forcedly thgbout the thesis in pictures and notations of
description as well as in the results between W rmaterial models. The failure domains are
briefly described in the following. A detailed eaphtion is given in [Schlegel 2004]. The yield
conditionsF; to Fio for two dimensional behaviour in the (x-y-plan@ncdie simply expressed
for the three dimensional behaviour due to an exgbaf indexeg instead ofy andzx instead
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of xy. Thus, it is not necessary to write the equatioer® again with two different index nota-
tion.

The tensile failure of stones is considered by reaarcriterionF; (F11), which Ganz has intro-
duced to limited the principal stresses.

Fl = (1_ wmy)z Tfy +[wmy(ax + fme fm) - Uy][ax +Q fm( fmx - fmy) —&)my(O'y + fmyQ fm]

Eq. (4-23)

The relation between resisting lateral tensilessies, and simultaneous occurring of high verti-
cal compression stressasis expressed (see Eq. (4-23)). The notations efiaet! in Fig. 4-56.
The hardening/softening functigh describes the evolution of hardening/softeninthefrelated
strength. The abbreviatiaty, is given below.

= ftyQ fty

- Eq. (4-24)
Y ](my(2 fm

Geometrically this criteriofr; (F11) can be modelled as a cone sector. Whefeaério) is an
elliptical cone, which expresses the compressidoréaof masonry. To avoid numerical prob-
lems Schlegel chamfers the peak of this cone gcarsl function, which leads to two definition
domainsA andB. For domairA the yield surfaces is expressed by Eqg. (4-25).

F2A = Tfy - (Ux + fme fm)(ay + fmyQ fm) Eq (4-25)

The shear failure of the units is taken into actduyncriterionFs (F13), which is geometrical a
cylinder with circular ground with a diameter obthompressive strength in y-directifyg, and
formulated in Eq. (4-26).

F,=1+0,(0,+f,Q) Eq. (4-26)

Analogical toFs, the lateral tensile stresses are limited by dylgal criterionF, (F14) to model
the tensile failure parallel to the bed joint (&p (4-27)).

F,=1h+0,(0,+1,Q.) Eq. (4-27)

The transition area betweén, F; andF, is expressed by a tangent pldfag to limit the shear
stress in the range of low horizontal stresgeBs is defined in Eq. (4-28).

1

_a‘my 1
-=Jaw,, f.,Q Eq. (4-28
2\/6(;)7”“, 2 my “my=< fm q ( )

F=

T,

+0'y

Shear failure of the bed joints is describedHgyas usually done with the Mohr-Coulomb law
like shown in Eq. (4-29).

Fs =75 +T%, + 0, tanu(kg) - cQ, Eq. (4-29)

Where u is the friction coefficientxs is a scalar hardening variable, afd is the harden-
ing/softening function of the shear strengtfThe tensile stress of the bed joint is limitedféi-
ure domairf as follows.

cQ, Eq. (4-30)

F,=0, - f,Q4  fQus——
7 X x> ftx x> ftx tan,U(KS)
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The tensile failure of the bed joints in case @hhhorizontal compression is considered=in
(F1e). The uniaxial horizontal compressive strengthrajp@l to the bed joint is reduced to the
value <fmy, which accounts for the effect of significant lowerizontal compressive strength
thanfy,y due to early buckling of the bed joint observe@xperimental test.

g
F=0,-f,—2+1 Eq. (4-31)
Sy
Fio (F1s = -
my F4 (Fl4) ml ( ) é o)
loe & ¢
/ G had /
Fs (Fis) Fo(Fy * %
f\ P G /y/
Vo s /
L F =
|
F3 (F3) \ oAl
\ N
<F7 =] \\
Fy (F o
| fmx ft'u g( ]6)
s =
=l
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Parameter Description
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Fs(F16)

Fig. 4-56: Extended yield surface of Ganz for mag@md parameter description

[Schlegel 2004]

Stepped cracking of head and bed joints is destrfyethe yield surfac&s (F17), which is
caused due to sliding in the bed joints and godmé@with cracking of the head joints. As ex-
plained in 4.1.4.2, this failure mechanism depesmishe unit size, the height/width ratio of the
unit and on the bond. The yield criterion correspotadthe shear stress criterion determined by
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Mann and Miller [Mann, Muller 1978]. The plastic atrs are calculated by use of a
non-associated flow rule.

Fo =1,

[1+ % tan,u(/(s)J +0, % - (cQ, - o, tany(ks)) Eq. (4-32)
S

The constitutive law of Ganz is extended with theldjicriterionFio (F15) (see Eqg. (4-33)) to
model tensile failure of masonry parallel to thel pent.

0
FlO = Uy - (CQC —0y tanﬂ(KS));y Eq (4-33)

L

This joint failure results from horizontal tensilieesses. Due to this extension it becomes possi-
ble, to consider the significant impact of unitesend the height/width ratio on the crack pattern
and failure mechanism. Unfortunately, this accueatd established material model does not in-
clude degradation of stiffness and strength arile@sefore not really suitable to simulate cyclic
behaviour of masonry.

4.3.3.4 Discussion of the models for a reasonable apptinati

The firstly explained micro or meso model of Lourerspd Rots [Lourenco, Rots 1997] is very
time consuming and requires much calculation capddioreover, it is not able to consider cy-
clic loaded masonry, since it does not accountdiegradation effects, which is also true for
Schlegel’'s model [Schlegel 2004]. In contrast, el of Lagomarsino and Gambarotta [Gam-
barotta, Lagomarsino 1997b] takes such effectsaotmunt and calculates damages, even sepa-
rately for mortar and units. It is relative stablery well established and timesaving. While this
thesis deals with earthquakes and risk - to bermé@table, the last needs information about
damages (see Chap. 2 and Appendix A) — the modé&lagbmarsino and Gambarotta [Gam-
barotta, Lagomarsino 1997b] is most reasonablethnd mainly applied here. The transient
analyses are very time consuming. In consequenfastanaterial model is necessary. Further-
more, the probabilistic simulations - which are es=ary to estimate damage probabilities - in-
crease the calculation effort enormously.

However, the meso or micro model of Lourengo andsRbourenco, Rots 1997] firstly ex-
plained and the macro model of Schlegel [Schle@eUPare very accurate, due to their consid-
erations of stone sizes, bond and overlappingTétas, they are reasonable and hence used in
this work for a few detailed investigations.

4.3.4 Damage parameters

In this section several parameters based on nuahémiestigations are explained and discussed
to describe the physical damage reasonably regatdentopic of this thesis. The final goal is to
judge on the usefulness of vertical prestressirgage of seismic action and to calculate risks. As
elucidated in Chap. 2, the damage is a very impoféetor to determine it.

4.3.4.1 Storey drift

In earthquake engineering the storey drift (SD)ammonly used, which is defined as the abso-
lute maximum difference in displacemen,hy between the basement and the roof for a single
storey structure. In case of several storeys tihésdifference between the upper and the lower
floor slab of a storey. An extension is the intersy drift (ID), where the difference in displace-
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ment|u|maxis divided by the height of the storey. A high dependency of storey driftl ghysi-

cal damage is presupposed, like in a manner ofasing storey drift, also an increased damage
is expected. However, this assumption cannot bg veasonable, if different structures or
strengthening measures are compared. For a gosmisgperformance, often ductile soft struc-
tures with a high ductility are more reasonablentkéff, brittle structures. In this work, some
masonry properties in terms of different bonds wdiffierent stone size, width/height ratio and
overlapping are taken into account, which can keaa soft structure (high values for the storey
drift) with small damage (see Section 7.2.2).

4.3.4.2 Mortar damage

This parameter, is available in the material model of Lagomarsaral Gambarotta [Gam-
barotta, Lagomarsino 1997b] and characterisesrdeks in the mortar or between the stone and
the mortar. An advantage of the damage parameteéhssomaterial model is that their value al-
ways increases, whereas stresses and plasticsstainbe removed in case of opposite loading
over time. Their maxima can occur somewhere in laatbry, which have to be in mind and the
consideration of this point requires more efforthe evaluation. Regarding the bearing behav-
iour, the mortar damage is not very interestingesiit has no significant impact on the collapse
of the structure. Form the practical point of viemgrtar damage can be repaired without huge
effort. When the mortar is highly damaged the dtrecis often still safe. For a detailed explana-
tion of this parameter the reader is referred tamiBarotta, Lagomarsino 1997a] and [Gam-
barotta, Lagomarsino 1997b] as well as SectiorB23.n this work, the maximum value is
named local damage, whereas the damage, accumolatedhe structure per element and di-
vided by the total number of masonry elementgrisied relative global damage.

4.3.4.3 Unit damage

The material model of Lagomarsino and Gambarottar@aotta, Lagomarsino 1997b] per-
forms as well a parameter to express the brick demg(see Section 4.3.3.2), which describes
the cracking of stones. From the practical pointiefv the unit damage is very important, be-
cause it has a significant impact on the failureéhef structure and is unrepairable or only with
huge effort and costs. The brick damage is a vepoitant damage factor for masonry. When
the stones are damaged, the structure is highlpreyeded (see Section 4.1.3). If the masonry
properties are cleverly chosen, the drift can bghhbut the unit damage is low (see Sec-
tion 7.2.2). In analogy to the mortar damage, tleximum value is referred to as local damage
throughout the thesis, whereas the sum of all demtage values of each element divided by the
number of nodes is named average global damage.

4.3.4.4 Plastic strains

In general, the occurrence of plasticity goes gipin line with damages (see Section 4.3.2).
Homogenous material models for masonry use thdigtssto describe cracking. The plastic
strains express the plastic activity quantitativéty the evaluation of plastic strains, only the
maxima are used in this study. A distinction indiband global strains is not done.

a) Vertical plastic strain

The vertical plastic tensile strain goes in linehwtihe tensile failure of mortar joints. For shear
walls, the vertical plastic strains in verticaladition are used to deduce on cracks in the mortar
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joints, for instance gaping joints due to rockifige vertical plastic compressive strains indicate
unit damage, since units fail in general due tdhligmpression loading for shear walls as illus-
trated in Section 4.1.1 and 4.1.3.

b) Plastic shear strain

By means of the plastic shear strain, shear fagarebe expressed, e.g. sliding in the bed joints
or other mechanisms in case of shear loading, wdrietexplained in 4.1.1.4 and 4.1.3.

c¢) Equivalent plastic strain

As shown in Eq. (4-34), strain components of akdliions are considered in the equivalent plas-
tic strainap'eq. So, it indicates a mechanism independent daniagmntrast to vertical or shear
strain. The equivalent plastic strain maybe usesloftening parameter [Wang, Shrive 1993] as
performed in Schlegel's material model [Schlegél40for masonry (see Section 4.3.3.3).
Hence, the equivalent plastic strain is suitabldescribe the damage. For a better understanding
it is reminded that the equivalent plastic straimdlated to equivalent stress for instance regard-
ing the Von Mises plastic distortion hypothesis. Eaeivalent plastic straiﬁ"eq is defined as:

e = 2flerf ol ez o Hlen ez ez £ (434

where” is the plastic strain of the different directions.

4.3.4.5 Plastic activity

The material model of Schlegel — described in Secti®.3.3 and [Schlegel 2004] — includes the
possibility to print the plastic activity. It showise plasticity in a qualitative manner. Therefore,
the activated failure criterions in the currentdaep are displayed.

4.3.4.6 Stresses

Stresses do not give information about the plagtidihey cannot be greater than the strength.
Also in the elastic range, the strength can behehavithout having plastic strains. Moreover,
especially in probabilistic analysis, the strengtbatter which makes a comparison of stress and
strength quite confusing and complicate. An utili® of plastic strains to estimate the damage
is much more reasonable than stress. Hence, strasséhere not used as damage parameters.
Only in elastic material models the stresses atéimded by strength and so the stress indicated
damages. However, in the evaluation of simulatiesults of such elastic models, the strength
has to be used in comparisons. For masonry elestistitutive laws are not reasonable and so
far here not used.
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4.3.5 Numerical modelling of prestressed masonry
4.3.5.1 Means to model vertical prestressing

The vertical prestressing, as used e.g. in [Budetn&ral. 2008], can be modelled in different
ways. A very simple one is to consider prestressinly by means of external forces applied on
the points where the tendons are anchored. Thislageiveral problems and is very efficient. An
alternative is to model the tendons by specifienelets, which is more realistic and accurate.
Several reasons approving this kind of modellirgglmted in the section below.

A special variation of this second way is to modlsio the bond or/and contact of the tendons
and the masonry. This is not only very time consgniinthe construction of the model, but also
in the numerical calculation. This is a possibilityaccount for the wall-tendon interaction as
well (see Section 4.2.5). However, several unkn@arameters would also be necessary. By
virtue of these drawbacks, such a detailed modgelihbond and/or contact is not performed
within this study. Nevertheless it can be an irdeéng research field for further investigations.

4.3.5.2 Reasons to model tendons

For further simulations it is important to know, ether tendons should be modelled, or if it is
sufficient to model the prestressing only by exa¢rorces. In the following, the reasons to
model prestressing by means of tendons are bseftymarised.

» Restoring forces occur (in average round about @Dfte prestressing force per tendon,
as shown in Section 6.2.1).

* The restoring forces lead to smaller horizontal ldisment as well as smaller rotations
(see Section 6.2.1).

* The stiffness is increased due to the restoringef@fig. 6-7 and Fig. 6-10).
* The change of stiffness has an impact on the dynbetiaviour.

* In a comparison of dynamic simulations with difiereneans to model prestressing, the
impact on the dynamic behaviour is shown (see Qeéti2.2).

» The forces in the tendons change even during & s$tatizontal load (this influence is
significant for SC 2 and/or compact walls).

* The forces in the tendon decrease during statiéocgnt seismic load. This is observed
in experimental tests, and probably caused bydtieation in height of bed joints due to
slipping in the joints.

* In the range of high loading (especially for SCn@ alender walls — going in line with
gaping joints) the stiffness of the wall is maialfected due to the spring properties of
the prestressing bars after the occurrence of ggpints [Otes, Léring, Elsch 2002].

* The post-peak behaviour differs in dependency omtéans to model prestressing (ex-
ternal forces or tendons). Tendons lead to higbsistances.

44 Summary

After explaining the basics of unreinforced masomaterial behaviour and failure mechanism
with special regard to in-plane horizontal loadimfluencing parameters and their impact on the
bearing behaviour are described, which is imporfantneasures to improve the seismic per-
formance of masonry. Moreover, this is elucidatethwxperimental shear wall test, which are
besides used in the following chapters to verifgdumaterial models. In analogy, this is done to
test prestressed masonry shear walls. The differehtteese experiments and theoretical expec-
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tations are here explained with an assumed wall-tendon interaction theory. The ductility should
decrease significantly by increasing vertical loading. However, the observed ductility of the
tested walls was comparatively high. As a further result of the wall-tendon interaction, practical
details in application of vertical prestressing are important for the degree of ductility. Conse-
quently, external prestressing and internal tendons without any contact lead to very low ductility,
whereas a high one results for internal tendons with full bond and internal tendons with contact
during the loading. Finally, some masonry buildings are presented, where vertical prestressing is
already applied.

Concerning numerical modelling, fundamental parts of modelling strategies and plastic theory
are given, first al. Three material models for masonry, based on FEM, are described and dis-
cussed. Regarding transient analysis, especialy in combination with probabilistic investigation
the congtitutive model of Lagomarsino and Gambarotta [Gambarotta, Lagomarsino 1997b] is
most suitable and chosen for such analyses. Reasonable damage parameters are explained and
discussed, which are used to calculate risks in Chap. 8. Possible impacts of the means to model
prestressing on results are theoretically pointed out as well as summarised with regard to simula-
tion results of case studies in the chapters below, where this problem isinvestigated in depth.
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5 Impact of prestressing on the dynamic behaviour

To judge if vertical prestressing is suitable tduee the vulnerability in case of seismic loading,

it is important to investigate firstly, whether ptessing has an impact on the dynamic behav-
iour. If it is the case, prestressing can be diaathgeous regarding the dynamic action. Fur-
thermore, it is of interest in which cases presirgscan be disadvantageous or advantageous.
Since prestressing neither changes the mass nostiffreess significantly, many researchers
firstly expect no significant impact on the dynarbiehaviour. In the following, many reasons
leading to an impact are explained. Moreover, Intaof transient simulation of this study this

impact is shown (see Section 5.2 and 6.2).
In the following some theoretical reasons are giwdy vertical prestressing should influence
the dynamic behaviour. The simplest ones are tte@sed shear capacity and elastic range, as
depicted in Fig. 5-1 regarding, which comparesldlae displacement curves of a prestressed and
a similar non-prestressed wall of experimental destcribed in [Otes, Loring, Elsch 2002]. As a
consequence also the dynamic behaviour definitaly to be different. On a point where the
non-prestressed walls behave already inelasticpitbgtressed wall behaves still elastic. Hence,
for instance the displacement is smaller (see3-. The blue dashed arrow shows the unload-
ing behaviour of this wall. In contrast to the fressed wall there is already a plastic part. After
unloading, a deformation of wall remains, whichsesia hysteresis and energy dissipation.
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Fig. 5-1: Horizontal load displacement diagram xjferimental tested shear walls - different
shear capacities and displacements for equal hdgktwading

Another reason for changing in stiffness of thelwak to prestressing is presented below. In the
elastic range no significant stiffness changingisxpect. But in the plastic range it can be eas-
ily explained. Also for walls it is to distinguidtetween bending and shear bearing behaviour.
The flexural stiffnes&l is a product of the Young’s modul&sand the area moment of inertia
which depends on the geometry of the cross seddarthe other side the shear stiffn€ is
defined by the shear modul@sand the shear surfaée. In case of plasticity, a prestressed wall
has another loadbearing cross section as a noraialMhis difference leads to a changing of the
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stiffness. In Fig. 5-2 this effect is sketched ba example of different shear surface sizes. It is
distinguished between the case of already exigaming joints (see Fig. 5-2 on the left) and a
cross section which is still complete under presgsee Fig. 5-2 on the right). Due to the higher
vertical forces the loadbearing cross section ¢seiased for equal horizontal loading. A gaping
joint occurs later when horizontal loading increaer a prestressed wall. The same principle
leads to different area moment of inertia. Theskedifices for loadbearing cross sections can be
taken into account with the used material modelthegn numerical simulations. As aforemen-
tioned, gaping joints and so this effect occursnprily for cantilever walls, for which mainly
flexural bearing behaviour occurs, because of the §lab rotation.

7 7

h 4

Wall

Shear surface As Shear surface As

Cross Section

Sross

Distribution

Fig. 5-2: Principle of shear surface #eduction in the plastic range, Left: Non-prestesb
wall, Right: Prestressed wall

Such differences of the dynamic behaviour calcdléienon-linear dynamic analyses are briefly
summarised in Section 5.2. This should also be plesby means of non-linear modal analyses.
However, non-linear modal analyses cannot be chaig with ANSYS.

51 Experimental results

First of all, some literatures mention an influenéehe vertical load level on the stiffness of the
walls regarding experimental tests. Whereas, atbarces do not point out a significant differ-
ence of the linear elastic stiffness, as shownim %1 and investigate in Dortmund [Otes,

Léring, Elsch 2002]. The different results could bglained with different masonry materials

and different types of walls used for the testggdRding this study, it is sufficient to know that

vertical prestressing can also change the stiffoétbe walls, independent whether or not the
linear elastic stiffness is nearly equal. In thiofeing such literature is quoted in detail, as wel

as literature mentioning an impact of the stiffnesthe tendons on the stiffness of the system.

5.1.1 Static shear wall tests

The results of static tests mentioned in [Oliveid®3] are briefly summarised. Tab. 5-1 presents
the wall label and the related vertical load lewelTab. 5-2 and Fig. 5-3 the impact of the verti-
cal load on the stiffness is clearly shown. Notyathle shear capacity and the range of elastic
behaviour differ, but also the modulus of elasfi@nd so the stiffness. For these experimental
tests the impact is very huge. It cannot be alvedgerved.
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Vertical load | N 1 stress
Wall designation 0111;3) Sress
[kN] [kPa]
SW.30.1
30 150
SW.30.2
SW.100.1
100 500
SW.100.2
SW.200.1
200 1000
SW.200.2
SW.250.1 250 1250

Tab. 5-1: Wall designation and vertical load [Oirae2003]

Wall Young's modulus [N/mm”]
Etestt Eees2 Ecale
SW.30 — — 566
SW.100 824 688 768
SW.200 969 1302 1057
SW.250 1024 1353 1202

Tab. 5-2: Vertical load level and corresponding tesults [Oliveira 2003]
120 T T T T

100

80 r

SW.200.2
SW.200.1

Horizontal force [kN]

40

Homnzontal displacement [mm]

Fig. 5-3: Horizontal load displacement diagramsdifferent load levels [Oliveira 2003]
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5.1.2 Static cyclic shear wall tests

At experimental tests in Dortmund (described mardetail in Section 4.2.4.1) also a prestressed
wall was investigated and gaping joints were obs@ftes, Loring, Elsch 2002]. The authors
declare that after the occurrence of gaping jdimsstiffness of the wall was mainly affected due
to the spring properties of the tendons. Hencepnbt the prestressing itself but also the means
to apply prestressing influences the stiffness smdhe dynamic behaviour. Because of that it
would be better and more realistic to model thestpessing with tendons (if used in experimen-
tal tests) and not only as external forces. Thidamed effect became only important when the
walls are highly loaded and reach the range ofrstegaacity which goes in line with significant
gaping joints. Moreover, gaping joints occur esalégifor slender walls.

5.1.3 Dynamic shear wall tests

In [Magenes, Calvi 1995] is directly depicted thia¢ dynamic behaviour observed in experi-
mental tests with shaking tables divers for différeertical load levels. Two similar walls are
compared. The only difference is their vertical Ideakl. On wall 1 a vertical load of 103 kN is
applied, on wall 2 a vertical load of 263 kN. Theuking hysteresis are depicted in a load dis-
placement diagram (see Fig. 5-4). For wall 1, wikiek a lower vertical load a lower stiffness is
observed than for wall 2 with a higher verticaldo# can be summarised: The lower the vertical
load level, the lower the shear stiffness.

150
1 wall 1,/ run 2 ,’
] — == wall 2,/run 1 /.,?/
100 —,
1 7
1 n
~ 50
=z ]
= ]
<~ ]
— 0
o ] L4
o ]
< ]
U) _50-
] ’5
J s
4 ~
-100 —; 4
] JABY !
] 1%
1~
=150t rrrr T | AJSLANJN0 B S B S B o S e B B S B e G B e o e 2
-1.0 -0.5 1.0

o 0.0
Horiz. displ. (cm)

Fig. 5-4: Horizontal load displacement diagramsfluence of vertical load level on the stiff-
ness of the wall (wall 1 vertical load of 103 kNa2 vertical load of 263 kN) [Magenes,
Calvi 1995]

5.1.4 Dynamic tests of prestressed beams

In [Gisin, Bachmann 1985] the results of extensix@erimental investigation of prestressed
beams are given. Materials as lightweight concaatkétechnologies like prestressing were inves-
tigated, because they allow the construction afdge buildings, which can be easily moved into
oscillations with big amplitudes. It was a reseguobject at the Institute of Structural Engineer-
ing of the Swiss Federal Institute of Technology (EWdrich, Switzerland. The tests aimed at
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the investigation of the influence of parameters (e.g. degree of prestressing, cracking, level of
excitation) on the dynamic properties (flexural rigidity, natural frequencies, damping characteris-
tics) of lightweight and normal weight concrete beams when they were fully, or partialy
prestressed, and respond quasi-elastically.

First of all the research program is described. As a part of this project, tests were conducted on
two types of prestressed beams, one of lightweight concrete and the other of normal weight con-
crete. The cross-section was equal (0.4 m width and 0.24 m height). These tests complement the
first series of experiments concluded in 1979 on reinforced concrete beams without prestressing.
The amount of carried out tests is explained in [Gisin, Bachmann 1985]. The research program
comprised the following four phases for each of the two beam types regarding the length I:

1. 1=5.04 m, full prestress, centric prestressing force.

2. 1=7.92m, at first full prestressing then without prestressing (permit cracking) finaly full
prestress, thereafter some of straight rods were replaced by parabolic tendon to investi-
gate effect of cable profile.

3. 1=7.92m, partially prestress, additional weights on the top, no injected.
4. 1 =7.92m, partialy prestress, additional weights on the top, injected.

The following impact on the flexural rigidity was observed. The lower the level of prestressing,
the lower the flexural rigidity. Reduction of flexural rigidity from full to partia prestressing for
lightweight concrete was less than for normal weight concrete. The static flexural rigidity was
less for both kinds of concrete beams than dynamic one. The loading history had a large effect on
therigidity (both static and dynamic).

Regarding the natural frequencies the following relation was determined. The lower the level of
prestressing, the less the frequency, caused by the lower stiffness. Reduction of frequency from
full to partial prestressing was for lightweight concrete less than for normal weight concrete. The
loading history had alarge effect on the frequency.

For these beams the damping was independent of the stress level and frequency. Only a depend-
ency of the material was recognised.

5.2 Resultsof non-linear simulations

The non-linear dynamic simulations of the author and their results are elaborately described in
Chap. 6. The impact of prestressing on the dynamic behaviour is especialy investigated in
Chap. 5. For the last an impulse by means of a single horizontal ground displacement is applied
on equal walls with three different vertical load levels. The differencesin the dynamic behaviour,
as pointed out above, are also observed in the transient simulations of this thesis.

53 Summary

The dynamic behaviour of masonry walls is influenced by vertical prestressing. Thisis explained
by theoretical consideration and confirmed by some experimental results of the literature. More-
over, the own transient simulations go in line with these results. Reasons are for instance the dif-
ferent sizes of the elastic ranges of prestressed and non-prestressed walls, which caused different
displacements on equal loading and their different energy dissipation.
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6 Numerical investigation of non-prestressed and prestressed masonry
structures

In this chapter, the prestressing measure is nealbriinvestigated. Therefore, comparisons of
prestressed and non-prestressed structures ame @ivst of all, experimental tests are used in
order to verify the models and to calibrate theemat input parameters. Furthermore, case stud-
ies are carried out, since experimental tests grersive and results are often not available suf-
ficiently in literature. In the framework of theesddr wall tests regarding this strengthening meas-
ure, in Braunschweig [Budelmann et al. 2004], esiolely prestressed shear walls were
investigated, since the limited project funding.fékence walls to compare the behaviour and
damage were not included in the budget. This gajosed at least by means of additional nu-
merical simulations referring to such non-presedsgeference walls. Moreover, the dynamic
behaviour of prestressed shear walls as well apaosons to non-prestressed shear walls are of
high interested to assess the utility of this measu case of seismic action. However, experi-
mental test with shaking table could not be cardet Therefore, dynamic simulations are per-
formed. Last are extended to probabilistic simofaiincluding scattering of the loading, sup-
port conditions and material parameters to findsgimities and correlations, but also to receive
damage probabilities. In addition, an existing g — Hall 8 of the iBMB/MPA in Braun-
schweig — is considered to demonstrate the impremrdue to prestressing regarding needed
shear capacity of bracing walls.

6.1 Experimental testsof static loaded shear walls

The experimental tests of the static loaded shedls warried out in Eindhoven [Vermeltfoort,
Raijmakers 1993] are used for a first brief vedfion of the numerical constitutive models. On
the one hand the material model of Lourengo ands Rbburenco, Rots 1997] (see Sec-
tion 4.3.3.1) is applied in a manner of meso-maagllOn the other hand the material model of
Lagomarsino and Gambarotta [Gambarotta, Lagomadf8@b] (see Section 4.3.3.2) as well as
the material model of Schlegel [Schlegel 2004] (Seetion 4.3.3.3) are used. The last two base
on macro-modelling. The experimental tests are @yredescribed in Section 4.1.5.1. For the
purpose of this section, the walls J4D and J5D witrertical load level of 0.3 N/mm? are taken
into account. By means of the finite element progrdIANA® the simulation for
meso-modelling with the material model of Lourersg@ Rots [Lourengo, Rots 1997] are car-
ried out, whereas for macro-modelling ANSYBave to be used to apply the material model of
Gambarotta and Lagomarsino [Gambarotta, Lagomaffe@b] as well as regarding the mate-
rial model of Schlegel [Schlegel 2004] via subrpes. The first and the last layer of the walls
which are fixed in beams are not modelled, siney there necessary in experiments only for
practical reasons. A static horizontal displacenisrapplied and the resulting crack pattern is
computed. The numerical results are compared wigierlations in the experimental tests. Nec-
essary values of material parameters for the miode#ire given in [Vermeltfoort, Raijmakers
1993], [Lourengo 1996] and [Rots 1997]. The used erizal parameters for the three constitu-
tive laws are given in Appendix H. Below, a compan of the crack patterns and deformations
of the tested walls J4D and J5D (vertical loadii@@kN) with the FEM models of the shear
walls is displayed. The crack pattern of wall J4[ 86D can be found in Fig. 4-16.

In Fig. 6-1 on the left, the results of the mesalai@re presented which simulates separately the
bricks and the joints. The unit cracks — colouregicted and calculated by plastic strains of the
units — pass diagonally along the wall. Moreovke gaping joints are well calculated, which
occur on the lower right corner as well as on thpeu left corner due to rocking. First of all, a
good agreement can be observed between the twollingdsrategies regarding the deformed
shapes that are displayed in Fig. 6-1, Fig. 6-2 Eigd6-3. The crack width itself can be calcu-
lated only with meso-modelling. Since, the macradeis cannot directly perform crack patterns,
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their plastic activity, plastic strains and damages presented in Fig. 6-1 on the right, Fig. 6-2
and Fig. 6-3. The types of failure mode and thetatmns are well expressed by the plastic ac-
tivity of the Schlegel model [Schlegel 2004] (seg. B-1 on the right) as well as the mortar and
unit damage of the Lagomarsino model [Gambarottgoimarsino 1997b]. For the light blue
coloured areas (see Fig. 6-1 on the right), unitifa is calculated by means of the Schlegel
model, whereas green, yellow and red colours meafailure criteria for mortar become active.
The vertical plastic strain is given on the leftFi§. 6-3, which clearly shows the tensile failure
of bed joint, which corresponds well with the gapjoints on the bottom and on the top. This
also agrees with the calculated mortar damagegn@-2 on the left. In addition, this output pa-
rameter express also mortar damage due to sligihgh is depicted in the diagonal, where
mainly sliding occurs as confirmed by the experitabresults and the calculated crack pattern
with the meso model. In Fig. 6-1 on the left thackr width of the head joints has the highest
values in the middle part of the diagonal and me#mse is the highest sliding, which agrees
very well with the computed mortar damage of Fig 6én the left. Furthermore, the calculated
plastic shear strain — which is depicted in Fi@ 6n the right — expresses this failure mecha-
nism. The parts of maximal plastic shear strain modar damage, caused by sliding in the bed
joint, fits also very well.

SUB =60
TIME=850.8

RSYS=0
DMX =.0028

[ B
0 1000 .110E+07 .111E+09
10 100000 .100E+08 J111E+10

Fig. 6-1: Left: Plastic unit deformation and mortaacks (meso-modelling), Right: Plastic ac-
tivity (Schlegel model)

Additionally, in Fig. 6-2 on the right the brick miage is presented. The highest vertical com-
pression loading, which usually leads to cracksheunits, is in the upper right and the lower
left corner. Therefore, a very good conformity isewidence. The same is true for brick cracks
along the diagonal. Finally, the load displacemant/es of the Eindhoven shear walls J4D and
J5D (dashed black) are compared in the horizootd displacement diagram of Fig. 6-4 with
the numerical results of meso-modelling, Lagomarg§Bambarotta, Lagomarsino 1997b] model
and Schlegel model [Schlegel 2004]. All numericaldels are able to predict the curve very
good. In the plastic range differences may occendgally, the numerical results agree well with
the experimental data, which shows a relative bajtering. The meso model underestimates the
shear resistance somewhat. Further FEM simulatioo she increased shear resistance in case
of prestressing. The higher the vertical force higher the shear resistance.
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Fig. 6-2: Lagomarsino model results on a horizontal displacement of 1.3 mm, Left: Mortar
damage, Right: Brick damage
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Fig. 6-3: Lagomarsino model results on ahorizontal displacement of 1.3 mm, Left: Plastic
vertical strain, Right: Plastic shear strain
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Fig. 6-4: Horizontal load displacement diagram of the Eindhoven shear walls J4D and J5D as
well as numerical results of the used material models
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6.2 Casestudies

In this subchapter, the results of a static angrewhic case study are presented. The static one is
carried out in order to investigate several infiag factors, as an important base for deeper
investigations and to avoid essential mistakehiérain simulations. Here, manners to model
prestressing, restoring force, ductility and othemes of interest. The static case study is mainly
performed to get a first insight in the impact oégiressing on the dynamic behaviour. In this
thesis, an elaborate description of these studigiven, whereas in [Sperbeck, Budelmann 2007]
and [Sperbeck, Budelmann 2008] briefer versionsbeafound.

6.2.1 Results of a non-linear static case study
6.2.1.1 Basics of the case study

To get a deeper insight, a huge case study is npeefb within the following conditions and pa-
rameters are varied to investigate their impaatsir Fariations of the slendernes¢0.5, 1, 2, 3)
are done. For the different slenderness differemtts of 1.25 m, 2.5 m, 5 m and 7.5 m result.
The support conditions on the top of the wall SGde(Section 4.1.2) - modelled by means of a
ridge L-framework - and SC 2 are used. Moreovet)saaith tendons close to the middle are
investigated for SC 2. To model prestressing, tweams are applied as external forces simply
and as tendons (see Section 4.3.5). An overviahigtase study is outlined in Fig. 6-5.

The outcome of the static case study is the impatts
» Change of prestressing forces in the tendons
» Restoring forces
* Rotation of the top
» Shear capacity
* Ductility
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SC 1 SC 2 SC 2 Middle
Tendons Forces Tendons Forces Tendons Forces

Fig. 6-5: Investigated walls in dependency on teaderness, means to model the prestress-
ing and tendons position for SC 1 and SC 2

6.2.1.2 Model

Following parameters are equal for all variatiohshe models. The width of the walls is 2.5 m
and the thickness 0.175 m. The prestressing foncegmh tendon is 189 kN. The vertical load of
upper storeys is 197.3 kN. This leads to a sum dfcat loads of 575.3 kN. Furthermore, the
used material parameters are equal for all modelseocase study as listed in Tab. 6-1. In the
following the results and findings of this casedstare described.
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Parameter Sym. Value Unit
Density p 2000 kg/m3
Young’'s modulus of masonry E 2000 N/mmg

Poisson's ratio n 0.1 -
Friction coefficient u=tane 0.8 -

Tensile strength mortar Opm 0.15 N/mm?2

Shear strength of the mortar joints Tmr 0.2 N/mm?2
Inelastic deformation parameter for morfar Cp: 1 -
Softening coefficient mortar Bm 0.6 -

Compressive strength of masonry Oy 35 N/mmz2

Shear strength of bricks Tor 1.5 N/mm?2
Inelastic deformation parameter for brigk  Cp, 1 -
Softening coefficient of the masonry Bo 0.4 -

Tab. 6-1: Material parameters of the model for taise study

6.2.1.3 Impact on change of prestressing forces in theaend
a) Impact of support conditions

In case of SC 1, only very small changes for thed® in the tendons can be observed (in aver-
age round about 4 kN of 189 kN which correspond®%g as given in Tab. 6-2). In contrast, for
SC 2 the changes are much higher, which is caugeatdtion of the top of the wall (Fig. 4-8).

SC1 2 SC 2 tendonsin the middle
S0.5 S05 S05
Tendon leff Tendon right Tendon I¢ft Tendon right Tamtkdt | Tendon righ
P [N] 17396 183586 P [N] 146267 204124  P(N] 1700086 176650
AP [N] -15064 -543F AP [N] -42754 15101 AP [N] -18937 -1237B
AP [%] 8.9 -2.9 AP [%] -22.4 8.0 AP [%] -10.9 -6.
S1 S1 S1
Tendon leff Tendon right Tendon I¢ft Tendon right Tamékdt | Tendon righ
P [N] 18454] 184631 P [N] 16722 204414 P|N] 1841162 187990
AP [N] -4474 -4392 AP [N] -21731 15791 AP [N] -4861 -103
AP [%] 2.4 -2.3 AP [%] -11.4 8.4 AP [%] -2.6 -0.5
S2 S2 S2
Tendon leff Tendon right Tendon I¢ft Tendon right Tambkdt | Tendon righ
P [N] 187471 187667 P [N] 180757 195614 P |N] 187}445 183888
AP [N] -155( -135¢ AP [N] -8264 6591 AP [N] -157§ -13
AP [%] 0.4 0.1 AP [%] -4.4 3.9 AP [%] -0.8 -0.]
S3 S3 S3
Tendon leftl Tendon right Tendon I4ft Tendon right Tamdkdt | Tendon righ
P [N] 188214 1883% P [N] 1849%0 192198 P|N] 188p17 188913
AP [N] -809 -628 AP [N] -4079 3175 AP [N] -804 -111
AP [%] 0.4 -0.3 AP [%] 2.4 1.7 AP [%] -04 -0.]

Tab. 6-2: Changes of forces in the left and righttons in dependency on the slenderness,
SCs and tendon location

The differences in the changes between SC 1 and 88Ut from the horizontal position of the
top which stays quite equal for SC 1 during thezuntal loading (Fig. 4-8). Therefore, no sig-
nificant changes in the tendons force are obsefdediever, for SC 2 the left side moves down
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(Fig. 4-8) which leads to a reduction in lengtttled tendon on the left and to a decreasing of the
force. Consequently, in the left tendon the foreerdases, but in the right tendon the force in-
creases during the horizontal loading.

b) Impact of slenderness

It can be observed that for compact walls (here \adls) the changes of forces in the tendons
are much higher than for slender walls (Tab. 6-@ Biy. 6-6). A summary of the forces in the
tendons for SC 2 is shown in Fig. 6-6. Achieving tiorizontal loading of 5 mm, a significant
decrease of more than 20% occurs in case of SE dgritrast to SC 1. This effect is huge for
low walls (S= 0.5). For high walls§= 3) only a small change of 2% exists. Regardigde-
pendencies on slenderness, attention is neceggattyis study, only the height is varied. The
observed relations are mainly caused by the hekgittshort tendons the same change of length
leads to higher stresses than for long tendonsh&ck, whether the correct trend is recognised,
an additional study with a variation of the widthrecommended. However, in that case the rota-
tion of the top cannot be compared, since it iateel to the width, which has to be a constant
input parameter to compare rotations.

210

1801

[y

~

o
L

Tendon Force [kN]

160
—— Tendon left S0.5 ------ Tendon right S0.5
1504 | Tendon leftS1 - Tendon right S1
Tendon left S2 Tendon right S2
—Tendon left S3 -~~~ Tendon right S3
140 T T
0 1 2 3 4 5

Horizontal Displacement [mm]

Fig. 6-6: Forces in the left and right tendonsépenhdency on the horizontal top displacement
of the wall for SC 2 and tendons close to the edges

c¢) Impact of location of tendons

For SC 2 also the variation ‘tendons in the mid@diehvestigated (see Fig. 6-5). In Tab. 6-2 only
small changes for the forces in the tendons capbiserved. Close to the middle, the rotation of
the top of the wall has merely a small impact am ¢hange of the length of the tendons. Thus,
the change of forces is small. This indicates tireectness of the explanation regarding the ef-
fects.
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6.2.1.4 Restoring forces due to tendons

The main question whether restoring forces can foelaied is investigated firstly. Therefore a
comparison is made between a model with tendon®aedvith external forces only. In addition

to this case study the model with a slendernedsasfd SC 2 is used for load controlled simula-
tions. It could be shown in force controlled sintidas that the displacement is smaller for the
wall model with tendons, as in an equivalent mgdetstressing simulated with external forces).
A horizontal force of 130 kN is applied on the tfghe wall.

Results for the horizontal displacemenpt
Model with tendons  Model with external forces
Uy = 3.45 mm Ux = 3.88 mm

The model with external forces (without the poséipiio consider the restoring force) shows a
greater displacement in horizontal direction. THeetence amount to:

Auy=0.43 mm

That is equivalent to round about 10% of the dispiaent of the model without tendons. It indi-
cates that in the model with tendons restoringe®roccur, which leads to smaller horizontal
displacement. Moreover, the whole system of the ghadth tendons has a higher stiffness. A
comparison is given in Fig. 6-7 which shows theizwntal load displacement curves.

13C
120 -
110
100 -
90 -
80
70+
60
50
40 1
30 A
20
10 Tendon — ExternForce
0 w w ‘ ‘ ‘ ‘ ‘ ‘ :

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0
Displacement [mn

Force [kN]

Fig. 6-7: Horizontal load displacement diagramfedént stiffness in dependency of the
means to model vertical prestressing
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Hoirzontal restoring forces Ry, [N]
Slender ness SC1 SC2 S(:tﬁ;egicé%r?zin
S05 -770.0 -40761.0 -6015.0
S1 -471.0 -14029.0 -996.0
S2 -185.4 -3976.5] -88.0
S3 -50.4 -1412.8] -27.2

Tab. 6-3: Restoring forces in dependency on thedglmess, SCs and tendon position on
Uy =5 mm (U = 3.3 mm)

A comparison of the usual displacement controlietations is given in the following. A hori-
zontal displacement of 5 mm is applied on the tbthe wall. The difference in the horizontal
force of the support shows a value of round abdutN for the restoring force (of both tendons).
This is also equivalent to around 10% of the hariabforces in the supports. The restoring
forces have to be divided into horizontal and weltrestoring forces. Probably, the first ones
mainly cause these differences in the sum of thizdwtal load (see also Tab. 6-3) or the differ-
ences in the resulting horizontal displacement. elmy, the vertical component seems to be
more important. If a corner of the wall tries toveaip (SC 2), the resistance of the tendon ham-
pers this movement, since an increase of verttcainsof the tendon causes greater prestressing
forces. Furthermore, the different forces in tightiand left tendon during the horizontal loading
(Fig. 6-6) cause a restoring moment outlined in Bi§. The change of the prestressifgand

the resulting restoring momeht(sP) are shown for a wall with tendons close to thgesdand
SC 2.

TAP lAP
P .
| | »l_“_/(A_P)

Fig. 6-8: Change of the prestressing for a mod#i teéndons close to the edges and SC 2 —
resulting restoring moment

a) Impact of slenderness

In dependency on the slenderness, an unexpecteld iesbserved in this study. It seems, the
slender the walls, the smaller the restoring fartksially the opposite would be expected. But
here, the horizontal displacement=5 mm is the same for all walls. Therefore thglamf rota-

tion of the tendons is much smaller for slenderlsva$ for compact walls. Thus, the horizontal
component of the force inside the tendons (whicthésrestoring force) is smaller for slender
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walls (small angles lead to small horizontal conguag). To investigate the impact of slender-
ness on the restoring forces, the angle has tajbal éor all models and not the horizontal dis-
placemenuy. Moreover, the forces in the tendons depend orsldrederness and ag. It is de-
picted in Fig. 6-6 and Tab. 6-2, that for slendetisvthe prestressing forces stay relative constant
during the horizontal displacement, but changeiggmtly for compact walls. If all this is con-
sidered and the restoring force amount only to b®%he prestressing forces, it is not reasonable
to investigate the impact of slenderness on therieg forces more in detail.

b) Impact of support conditions

For SC 2 the impact on the restoring forces is nmohe significant than for SC 1, as shown in
Tab. 6-3. For SC 1 the effect of restoring forcas tb the means of modelling the prestressing
can be neglected.

6.2.1.5 Rotation of the top

In this work, the rotatiomot of the top is defined as the ratio between thfeihce in heightth

of the left and the right upper corners and thettwd The value is here expressed in [%)]. This
evaluation is made faw, =5 mm and only for SC 2. For SC 1 no rotatiorthaf top occurs. As
already mentioned the restoring forces have toilidet! in a horizontal and a vertical part. The
vertical restoring forces depend mainly on the geain length of the tendon during the loading
and the basic length. This mechanism influencesdtation. The following trends are observed
in the results of this case study (see AppendixXTDg rotation of walls with tendons is less than
for modelling with external forces. Therefore, theans to model prestressing as tendons is im-
portant. In case of prestressing close to middis,difference is much smaller, which also shows
the usefulness of prestressing close to the eff@esa slenderness of one, the highest rotation is
observed always. If the wall is more slender orermmmpact than one the rotation is lower. For
a slenderness form one to three it is observed:sldwder the wall, the smaller the rotation.
More investigations are necessary to find the comeason for these trends. It has to be in mind
that the rotation is always estimated for horizbdtaplacement of 5 mm. Due to the different
geometry, different rotations are caused. It shdsgldnvestigated for an equal angle of the wall
rotation instead of an equal horizontal displacemen

a) Impact of means to model the prestressing

If the prestressing is modelled as tendons, lowtation of the top occurs. It is a mixture of SC 1
and SC 2. The higher the stiffness of the tendan|dtver should be the rotation, due to vertical
reaction forces inside the tendon, which occur wdremnipper corner of the wall tries to move up.
In case of modelling prestressing by means of eateorces, there are no additional reaction
forces, which reduce the movement of the corner.

b) Impact of location of tendons

Above it is mentioned that only for SC 2 the modellof tendons is important. For this support
condition a location of the tendons close to thddig is investigated as well. Especially, tendons
in the near of the edges of the wall lead to smaditation of the top. The elongation of the ten-
don is the reason. If the corner moves up, tendtws® to the edges become longer than tendons
close to middle. Hence, for the last one only alsmereasing of tendon forces can occur. As a
result, this movement is hampered only small. Afitient location of tendons is close to the
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edges. It could be assumed, that the lever arrheoptestressing forces would be a significant
reason. Although, the rotations of models with exdé forces close to the edges and close to
middle are approximately equal. There is a hugesidifice of the lever arms, but the difference
in rotation can be neglected. However, for the nodéth tendons more significant differences
in rotation occur. Consequently, the lever armasthe main reason. It is the change in length of
the tendons.

c¢) Impact of slenderness

In this case study the width is constant and thghialiffers. It is important to realize that the
slenderness does not have a huge impact on theplesa, as already described above. Hence
the results should not be generalised regardinglémeerness.

6.2.1.6 Shear capacity

To achieve information about the shear capacitiesductilities, it is necessary to apply a hori-
zontal loading greater than 5 mm, which the follegvin results account for, while the previous
are mainly related to a maximum horizontal dispiaeet of 5 mm.

a) Impact of support conditions

As already explained and shown in previous repthsshear capacity depends strongly on the
support condition. For SC 1 the capacity is higihemn of SC 2. Fig. 6-9 depicts moreover that
the walls with SC 1 have a higher stiffness. Fendér walls the shear capacity for SC 1 is
reached earlier than for SC 2. In case of compatiswhere is no significant difference in dis-
placement.
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—S0.5SC1 S1SC1 —S2SC1 S3SC1
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Fig. 6-9: Horizontal load displacement diagramrfardels with tendons close to the edges in
dependency on SCs and slenderness
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b) Impact of slenderness

The results of previous experimental tests and sitiws of other authors are confirmed by this
case study. The higher the slenderness, the loweshbar capacity. For slender walls, high de-
formations are necessary to reach the peak ofdsalacement curves. Very compact walls have
a very high shear capacity as shown in Fig. 6§, &i10 and Fig. 6-11.

¢) Impact of means to model prestressing

In Fig. 6-10 and Fig. 6-11, the load displacemeamtes are given for the four different slender-
ness in combination with support condition SC 2.
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250 S0.5 Forces— S1 Forces S2 Forces S3 Forces
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Fig. 6-10: Load displacement diagram for SC 2 amdléns close to the edges, dependent on
the means to model prestressing
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Fig. 6-11: Load displacement diagram for SC 2 amdlons close to middle, dependant on the
means to model prestressing
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The difference between the modelling of prestresbingneans of tendons or external forces is
investigated. Fig. 6-10 depicts the results fodters and forces close to the edges. The shear
capacity of models with tendons is significant l@ghwhereas the behaviour of walls with
prestressing close to middle is shown in Fig. 67te differences regarding the means to model
prestressing can be neglected here.

d) Impact of location of tendons

A comparison between different positions of tendasggiven in Fig. 6-12 proves that tendons
close to the edges lead to higher shear capacdiisgnificant difference between models with
tendons and external forces can be observed irbFi@. (tendons close to the edges). While, the
behaviour for walls with tendons close to the medddehaves rather equal (Fig. 6-11). This
proves that a position near the sides of the vigliseful, as expected.
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Fig. 6-12: Horizontal load displacement diagramtfee model with SC 2 in dependency on
tendon position and slenderness

6.2.1.7 Ductility
a) Impact of slenderness

The higher the slenderness, the more ductile thé he#laves. For very compact walls, a very
brittle behaviour can be noted (Fig. 6-9, Fig. 6&t@ Fig. 6-11), as already observed by other
researchers. Although, the post-peak behaviour adets with tendons is more useful. Higher
horizontal forces can be applied. Obviously thelters carry tensile loads when tensile failure is
already occurred in the wall.
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b) Impact of support conditions

Fig. 6-9 compares the load displacement curve$S@il and SC 2. Slender walls behave more
ductile in case of SC 2. For compact walls, noificant difference exists between the two sup-
port conditions. The peak nearly occurs on the sdispacement.

¢) Impact of means to model prestressing

Fig. 6-10 depicts, that slender walls modelled wettiernal forces behave more ductile than
walls with tendons, in case of prestressing closthé¢ edges. If it is close to the middle no im-
portant differences can be observed, like showfign6-11.

d) Impact of location of tendons

The comparison in Fig. 6-12 shows, that slendersawith tendons in the middle behave a little
bit more ductile than walls with tendons on the exigBut the difference is not significant in
framework of this case study.

6.2.1.8 Summary of unexpected and important results

In general, the means to simulate prestressingp®itant for SC 2 especially when the tendons
are close to the edges. For SC 1 this phenomenowften be neglected. The findings of this
case study regarding the impact of slendernessotdmengeneralised, since the width is constant
as well as the horizontal top displacement. Foryr@mparisons, an equal angle would be nec-
essary instead of an equal horizontal displaceniateover, the height of the wall has an im-
portant influence, because it corresponds to tiseeength of the tendons. Small differences in
length lead to huge differences of the forces mgifl short tendons. For long tendons much
higher differences in length are necessary to réagje changes of such inner forces. Restoring
force occurs and can be simulated when the presiges modelled by means of tendons. The
restoring forces have to be divided in a horizoata a vertical part. The last one is important
only for SC 2. In this study, the vertical movemefthe corners (during the top rotation) leads
to changes in length of tendons. A change of tiestpssing forces in the tendons results, which
decrease in tendons on the lower corner and ineri@atendons on the upper corner. In case of
low walls, the top rotation leads to significanbolges of the prestressing forces in the tendons.
It is smaller the higher the walls (see Fig. 6/)r models with tendons close to the edges the
rotation is lower, but the tendons have to be niedellf simply external forces are used to
model the prestressing, no significant differenae loe asserted.
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6.2.2 Results of a non-linear dynamic case study
6.2.2.1 Basics of the case study

The increasing of stiffness, as mentioned abovectfthe dynamic behaviour as shown in
Fig. 6-13. A small case study was performed to stigate further. The vibration behaviour of

prestressed walls with a slenderness of three rfeablelith ‘external forces’, ‘tendons’, and for

walls without prestressing, is calculated in noredir dynamic simulations. A ground displace-
ment is applied as an impulse for all mentionedusitions below. The time for the impulse

amounts to 0.12 s to move ground and return badkdaoriginal position. The three different

load functions are time dependent as identifieffig 6-13 with dashed lines. Tab. 6-4 gives a
short overview of the carried out dynamic analysks, level of the applied displacement and
whether it was possible to attain convergence.

Impulse Meansto model prestressing
displacement | External forces Tendons Without prestr.
5mm Yes Yes Yes
10 mm Yes Yes Yes
17 mm Yes Yes Yes

Tab. 6-4: Overview of the carried out analyses witpulse loading

For these models the same values for width, thekrend material parameters (Tab. 6-1 and
Fig. 6-5) are used as for the static case studyeall have a static vertical load of 197.3 kN.
The variations ‘external forces’ and ‘tendons’ haveadditional prestressing force of 189 kN per
each tendon.

6.2.2.2 Results

The results for the vibration behaviour regarding fiorizontal top displacement (absolute dis-
placement, not relative displacement) are depittefig. 6-13. For all of the wall models and
load levels, the highest value of the roof disptaest is reached after 0.12 s. The highest dis-
placement of 34 mm is observed for the non-prestbsvall. As expected, prestressing leads to
a reduction of the vibration amplitude. For the misdwith ‘external forces’ the displacement
amounts to 32 mm and for the ‘tendons’ 32.4 mm. @bserved difference between the maxi-
mum horizontal roof displacement of ‘tendons’ aedtérnal forces’ is smaller for lower load
levels. The horizontal displacement of the pres@@ssalls is insignificantly smaller than the
prestressed walls for lower vertical load levelani® and 10 mm). Nevertheless, the mortar
damage is much less for prestressed walls, thathéomon-prestressed wall (Fig. 6-15). This
concludes that vertical prestressing is a usefehgthening measure also for dynamic loading.
More detailed investigations are still in progress.
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Fig. 6-13: Horizontal displacement of the top tidependent for modelling of prestressing by
means of external forces, tendons, and withoutmassing in case of SC 2
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Fig. 6-14: Vertical displacement of the top timepeedent for modelling of prestressing by
means of external forces, tendons and without esing in case of SC 2

In Fig. 6-14 the vertical displacement of the rigpper corner of the wall is displayed. This in-
dicates the rotation of the top, as mentioned ab@ifeen high values occur, the rotation of the
top is high. For walls where prestressing is medkby external forces, the rotation is a bit
higher, than for modelling by means of tendons. different vertical top displacements are due
to the different vertical load levels of prestressad non-prestressed walls as seen in Fig. 6-14.
The dynamic behaviour is different for all considerealls, as periods vary significantly. The
walls with tendons vibrate faster. This means theystffer.
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g. 6-15: Mortar damage for impulse loading ofrith, Left: External forces, Middle: Ten-
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Fig. 6-16: Mortar damage for impulse loading ofri, left: External forces, Middle: Ten-
dons, Right: Without prestressing
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Observations of experimental tests lead to a piebaason. Otes and Loring observed that in
the range of high horizontal loading, the stiffne§she wall is mainly affected due to the spring
properties of the tendons after the occurrenceapfrg joints [Otes, Loring, Elsch 2002]. This
would explain also the bigger difference betweemndons’ and ‘external forces’ in case of
higher shaking levels. Also, presented static satihs show that the post-peak behaviour dif-
fers if the prestressing is modelled as ‘externatds’ or ‘tendons’ (Fig. 6-10). Modelling of ten-
dons leads to higher resistances. In general, #ils wibrate slower, when the ground accelera-
tion is higher. A reason is the higher damage efitfalls leading to smaller stiffness, and lower
frequencies.

For a higher load level (horizontal ground disptaeat of 17 mm) also the prestressed walls are
significantly damaged. Here, the difference betwdentwo means to model prestressing be-
come larger, but not important. In all these sirtiates the mortar damage, as well as the brick
damage, is a bit higher for tendons, than for exteforces.

Impulse Means to model prestressing
displacement | External forces Tendons Without prestr.
5 mm no outpyt no outppt 16.2p9
10 mm 13.514 16.136 63.4B1
17 mm 78.18p 85.412 187.83
Tab. 6-5: Maximal mortar damage of the transiest yses
Impulse Meansto model prestressing
displacement | External forces Tendons Without prestr.
5 mm 0.53 0.549 0.301
10 mm 0.914 0.934 0.7%1
17 mm 15.29p 16.091 4.088
Tab. 6-6: Maximal brick damage of the transientyses
Impulse Meansto model prestressing
displacement | External forces Tendons Without prestr.
5 mm -0.00062) -0.0006%8 -0.000376
10 mm -0.00126[L -0.0013p9 -0.000957
17 mm -0.01546[L -0.01609¢1 -0.005267

Tab. 6-7: Maximal vertical plastic compressive isti@f the transient analyses

Below, the maximal values determined in the staialysis are given as well for the prestressed
wall (simulated by means of external forces) orbsotute resulting displacement of 47.73 mm
on the most moved node of the structure (on thddas step of the softening range as presented
in Fig. 6-10), to allow a better comparison:

Max mortar damage: 116.92
Max brick damage: 153.00

Max vertical plastic strain: -0.0979 (compression)
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6.3 Simulation of the experimental tests of prestressed walls

In order to verify the material model of Lagomacsiand Gambarotta [Gambarotta and Lago-
marsino 1997b] for prestressed shear walls, therampntal tests with internal tendons are used,
which are carried out in Braunschweig by the iBMBuflelmann et al. 2004] and are briefly
described in Section 4.2.4.2. For some paramefetiseomaterial model experimental data are
not available, which requires a model calibratifter extensive parameter studies, to get an
idea about sensitivities, several parameter conibima are found to reach a good agreement
with the experimental results. Finally, the valémsthe material parameters given in Tab. 6-8 are
used throughout this thesis to simulate the vdriitastressed shear walls of Braunschweig
[Budelmann et al. 2004], since this values are adgcompromise of numerical stability and
agreement with experimental observations.

Parameter Sym. Value Unit
Density p 1650 kg/m3
Young’s modulus of masonry E 5800 N/mmg
Poisson's ratio n 0.15 -
Friction coefficient u = tane 0.436 -
Tensile strength mortar Gbm 0.87 N/mm?2
Shear strength of the mortar joints Tor 0.44 N/mm?2
Inelastic deformation parameter for mortar mt C 0.95 -
Softening coefficient mortar Bm 0.3 -
Compressive strength of masonry Obr 17.2 N/mm?2
Shear strength of bricks Thr 2.5 N/mmz2
Inelastic deformation parameter for brick| bn € 1.1 -
Softening coefficient of the masonry Bo 0.4 -
Young’s modulus of concrete <E 14000 N/mmz2
Rayleigh mass damping o 0.62 -
Rayleigh stiffness damping B 0.0003 -

Tab. 6-8: Calibrated material parameter for thesppessed iBMB shear walls of 2004 (Ba-
sic F)

6.3.1 Static and static cyclic loading

First of all, the results of the static cyclic expeental test of the iBMB, which are used for the
calibration, are compared with the numerical resuit order to demonstrate the capability of the
model to simulate the loadbearing behaviour colyext well as to show the reasonability of the
parameter calibration. In the framework of thissiBethe presentation of the numerical investi-
gation is limited on wall 1, wall 3 and wall 4, dte the similarity of wall 1 and wall 2. The
damage parameters — introduced in Section 4.3.4e—utilised to compare the impact of
prestressing. A very important one, the horizodtsplacement, is often used to evaluate the re-
sults, especially in combination with the shearstasce. In [Budelmann et al. 2004] as well as
in the diagrams of this thesis, the horizontal ldispmentuy refers to the middle of the wall on
the top. However, the pictures with the damageridigions refer to a point of absolute dis-
placementu,,s of the whole structure, since ANS@$IotS this value automatically. The last is
slightly higher (usually 0.3 mm) than the value floe upper middle point of the wall. To avoid
some confusion, this has to be in mind for compassof diagrams and the most pictures of
damage distributions.
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6 Numerical investigation of non-prestressed amdtpessed masonry structures

In the subsequent passage, the static cyclic erpatal and numerical results of wall 1 are
compared. This is best done in Fig. 6-17, by medr®ozontal load displacement diagrams.
The measured hysteresis is depicted in black arideheelope with a dashed line in Fig. 6-17
on the left. The calculated hysteresis (Fig. 6-1Thenright) describes well the big enclosed area,
which is characteristic for compacted walls. Foe tast significant differences in means to
model prestressing by external forces or more ateury tendons cannot be observed. This is
caused due to the concrete slab, which hampersl aotation appreciably. Moreover, the simu-
lated static curves are shown in red and blue.aéllyein a displacement range of 4 to 7 mm, a
small degradation is visible.

Force [kN]
Force [kN]

19 -7 5

—
'

-1

'S 1 |— Cyel num. W1
— Static with force W1

'''''' Envelope of exp. 225 7
test W1

2z Ye 7

=275 Z7:
Digplacement [min] Displacement [mm]

— Static with tendons W1

Fig. 6-17: Horizontal load displacement diagramvafl 1, Left: Experimental test (static cy-
clic curve and envelope), Right: Numerical res(8tatic cyclic curve and static curves)

Due to enormous convergence problems, the cydiwlsitions interrupt in a range of 8 mm
horizontal displacement. Though this problem, thedlfmtion is sufficient for the target probabil-
istic earthquake simulations, for which calculatoim a very deep plastic range should be
avoided. Otherwise the computing time would be verge as well as the number of numerical
fails. The loadbearing behaviour of wall 1 can baligatively and quantitatively simulated with
good precision. The numerical results are plaus#nld agree well with experimental ones,
which are additionally confirmed by damage disttibos of Fig. 6-18 and Fig. 6-19. The crack
pattern of the experimental investigations is dpidn Fig. 4-28 for wall 1. The numerical unit
damage indicated the occurrence of unit crackiegyigen in Fig. 6-18 on the left. The diagonal
crack propagation from one corner to the otheredl gsimulated. The lower one is more dam-
aged as also observed in the experiments (toeing)sh
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Fig. 6-18: Wall 1 with prestressing for static égdbading onuaps= 7.9 mm — Left: Unit
damage, Right: Mortar damage
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Fig. 6-19: Wall 1 with prestressing for static ¢gdbading onuaps= 7.9 mm — Left: Equiva-
lent plastic strain, Right: Vertical plastic strain

In Fig. 6-20 up to Fig. 6-22 the numerical and ekpental results are summarised for wall 3.
The hysteresis properties of the slender wall 3dgfgnificantly in comparison to wall 1, which
can be simulated very well with the used materiatlet (see Fig. 6-20 and Fig. 6-17).
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Fig. 6-20: Horizontal load displacement diagramvefl 3, Left: Experimental test (static cy-
clic curve and envelope), Right: Numerical res(gtatic cyclic curve and static curves)

121



6 Numerical investigation of non-prestressed amdtpessed masonry structures

Regrettably, the mentioned convergence problemrsditewise for this slender wall. The rea-
son seems to be the stiff support condition onttipeleading to increased shear behaviour and
failure. Nonetheless, the material parameter caiitan is successful and leads to correct and
plausible numerical results, which agree well wattperiments. With the chosen material pa-
rameter combination, the loadbearing behaviourllofvalls can be qualitatively and quantita-
tively simulated with sufficient accuracy as expkd in detail henceforth. The experimental
crack pattern of wall 3 is depicted in Fig. 4-3Mieh fits very well with the computed one by
means of the unit damage in Fig. 6-21 on the Mt only the typical diagonal cross is well
simulated, but also the higher concentration otksan lower part of the wall. There, higher
loading acts due to the higher stiffness of theebrent in comparison to the more flexural floor
slab. This can be seen by means of the verticatiplaesmpressive strain for wall 1 in the
Fig. 6-19 on the right and in Fig. 6-22 on the tifir wall 3. Moreover, the high compressive
strain due to prestressing becomes visible, extteptorners where tensile failure occurs. The
equivalent plastic strain — depicted in Fig. 6-b8 &ig. 6-22 on the left — displays the regions of
both shear and vertical failure. The last can balisided in tensile failure of mortar and unit
failure due to high compression stress. These bligtons of equivalent plastic strain go very
well in line with computed mortar damages, vertiglalstic strains and unit damages.
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Fig. 6-21: Wall 3 with prestressing for static égdbading onuaps= 7.7 mm — Left: Unit
damage, Right: Mortar damage
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Fig. 6-22: Wall 3 with prestressing for static ¢gdbading onuaps= 7.7 mm — Left: Equiva-
lent plastic strain, Right: Vertical plastic strain

As already mentioned, the budget of the experinhgtgect has not included further tests for
non-prestressed versions of these four prestresaktsl To close this gap and allow a compari-
son, the missed non-prestressed walls are nunigriogkestigated here. The results are given
subsequently for static loading. Regarding sucét fiomparisons, a consideration of stiffness
and strength degradation - which occur in caseaticscyclic loading - is not necessary and not
reasonable. Moreover, these effects are automlgtidden into account in detailed and exten-

sive dynamic investigations, which are presentefdantion 6.3.2. The unit damage is compared
in Fig. 6-23.
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Fig. 6-23: Wall 1 — Unit damage of static loadingugys= 4.2 mm, Left: Non-prestressed,
Right: Prestressed
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Fig. 6-24: Wall 1 — Mortar damage of static loadomuaps = 4.2 mm, Left: Non-prestressed,
Right: Prestressed

For wall 1 the local unit damage is higher for tum-prestressed wall (see Fig. 6-23 on the left)
than for the prestressed wall as presented in6F&f on the right. However, the distribution
shows high damage over greater areas of the psssttevall. A comparison of Fig. 6-24 on the
left and right exhibits a significant reduction tbie local and the global mortar damage due to
prestressing. Expectedly, the highest mortar damsagebe observed on the right lower corner,

where vertical tensile stresses lead to mortaridarfgilure, which is confirmed by the vertical
plastic strains of Fig. 6-25.
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Fig. 6-25: Wall 1 — Vertical plastic strain of staibading onuaps= 4.2 mm,
Left: Non-prestressed, Right: Prestressed

In case of prestressing, lower values are obsdoreithe plastic shear strains (see Fig. 6-26) and

the equivalent plastic strains (see Fig. 6-27).ides their distributions fit very well with the
failure mechanisms leading to the mortar and uaibage. Very simplified, it may be imagined:
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6 Numerical investigation of non-prestressed amdtpessed masonry structures

a superposition of the plastic vertical and sheairsdistribution leads to a picture similar as th
superposition of unit and mortar damage distributibhe high damaged parts would be shown

in one picture produced in two different ways. Thasenerical results lead to such plausible
superposed distributions.
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Fig. 6-26: Wall 1 — Plastic shear strain of st&&ding onuaps= 4.2 mm,
Left: Non-prestressed, Right: Prestressed
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Fig. 6-27: Wall 1 — Equivalent plastic strain oftatdoading onuaps= 4.2 mm,
Left: Non-prestressed, Right: Prestressed

Hereinafter, the results of static loaded non-pessed and prestressed versions of wall 3 are
contrasted. A very different impact of prestressggbtained regarding the local unit damage. In
case of prestressing, this local damage is gréseerFig. 6-28), even more the global one.
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Fig. 6-28: Wall 3 — Unit damage of static loadingugys= 4.9 mm, Left: Non-prestressed,
Right: Prestressed

However, the local maxima are higher for the noespessed version in case of all plastic strains
(see Fig. 6-30, Fig. 6-31 and Fig. 6-32) and fa thortar damage (see Fig. 6-29), as also ob-
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6 Numerical investigation of non-prestressed ardtpessed masonry structures

served for wall 1. It is postulated that the higtiegree of rotation of wall 3 leads to higher com-
pression loading on the lower corner, which is eduly the greater slenderness and less stiff
support condition on the top (the floor slab isgenand more flexible). The results are plausible,
since the same agreement of plastic strain digtobs of Fig. 6-30, Fig. 6-31 and Fig. 6-32 as
well as damage distributions (see Fig. 6-28 and 6-29) are presented, as detected above for
wall 1.

P= TIME=4.655
SUB =570 NLEPEQ
TIME=5.8717 RSYS=0
NLEPEQ DMX =4.904
RSYS=0 SMX =60.212
DMX =4.9
SMX =154.659

% x
— S W I
0 31 6 120 154 0 34 68 120 154
14 51 103 137 14 51 103 137

Fig. 6-29: Wall 3 — Mortar damage of static loadomuass = 4.9 mm, Left: Non-prestressed,
Right: Prestressed
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Fig. 6-30: Wall 3 — Vertical plastic strain of staibading onuaps= 4.9 mm,
Left: Non-prestressed, Right: Prestressed
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Fig. 6-31: Wall 3 —Plastic shear strain of stab@ding onuaps = 4.9 mm,
Left: Non-prestressed, Right: Prestressed
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Fig. 6-32: Wall 3 — Equivalent plastic strain oftatdoading onuaps= 4.9 mm,
Left: Non-prestressed, Right: Prestressed
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Fig. 6-33: Horizontal load displacement diagramusiérical results of static loading and ex-
perimental envelope of static cyclic loading

The comparison in Fig. 6-33 of simulated load disphaent curves without and with prestress-
ing shows clearly the increase in shear resistanbi&h doubles for wall 3 and is enlarged at
approximately 50% in case of wall 1. Due to theilsirty of static cyclic envelope and the big
effort of static cyclic simulations mainly statitviestigations are used for the numerical compari-
sons of prestressed and non-prestressed walls.Xxpeeimental envelope of wall 3 [Budelmann
et al. 2004] — which has been produced manuallgntains unfortunately a difference between
the measured static cyclic curve and fitted enveliopthe first plastic range. The difference of
the calculated curve and the envelope is mainlg@auly this mistake in this range. Moreover,
the envelopes scatter for positive and negativelatement, which are shown in the same quad-
rant of this diagram by means of the same colodrdashing for each wall. In general, the static
curves overestimate the measured shear capaghylgliwhich is a result of neglected stiffness
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and strength degradation, though included in thelepe of static cyclic test, but not considered

in the static simulations. Furthermore, the paramseélection for the numerical models could

deal with lower strength, which otherwise wouldde#o convergence problems. The last have to
be reduced significantly, to allow probabilistiensilations that base on this parameter calibra-
tion. Therefore, this compromise is accepted.

As stated above, the impact of prestressing onléngage of the units differs for the simulations
of wall 1 (see Fig. 6-23) and wall 3 (see Fig. §-28 addition, this local unit damage is nearly
equal for the prestressed and non-prestresseddwake Fig. 6-37). This damage is slightly
greater for prestressing. In case of wall 1 the alggnseems to double, if the wall is not
prestressed. Consequently, vertical prestressingdatze very useful, in contrast to wall 3 and
wall 4. The dynamic case study of Section 6.2.2 dhiikewise greater local damage due to
prestressing.

As a first proceeding to find the reason or anriefation, the progression of local unit damage
in dependency of horizontal loading (in terms gf thsplacements,) is presented in diagrams.
Fig. 6-34 compares not only such damage histofie®w-prestressed and prestressed version of
wall 1 and 3, but also the two different means tdel prestressing by tendons or by external
forces. Very interesting is the intersection of kheal damage curves of wall 1. Thus, it may de-
pend on the horizontal load level, whether presingshas an advantageous or disadvantageous
influence on the maximal local unit damage. Fos tompact wall, prestressing reduces the lo-
cal unit damage up to a drift of approximately &®. Thereafter, it increases significantly. In
case of wall 3, the prestressing lead to greatal lonit damage throughout the whole load his-
tory. Closed to 3 mm horizontal displacement, tamdge degree is quite similar. If tendons are
used to model prestressing, higher damages areutechpn the range of high loading, whereas
the means of modelling has no impact for low logdin
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Fig. 6-34: Horizontal displacement versus locat damage — Numerical results of static
loading for wall 1 and wall 3

In addition, the global unit damage is displayedig. 6-35, which exhibits clearly higher global
unit damage in the case of prestressing for botlswiote, that throughout this thesis ‘global
damage’ is referred to as average global damagelresdy explained in Section 4.3.4. Thus, a
comparison of different walls and a use of différaomerical meshes is admissible. For both
prestressed walls small initial global damage camlserved as a result of vertical prestressing.
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The slender wall 3 is more damaged in the initiatesthan the compact wall. The simple reason
is the vertical stress. The cross section of walbdbles, while the prestress level for both walls

is nearly equal, as already pointed out in Secti@w.2 (see Tab. 4-2). The high vertical stresses
in wall 3 causes greater initial local unit damagdse means to model prestressing has no sig-
nificant impact on the global damage.
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Fig. 6-35: Horizontal displacement versus globat damage — Numerical results of static
loading for wall 1 and wall 3
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Fig. 6-36: Horizontal displacement versus local tiodamage — Numerical results of static
loading for wall 1 and wall 3

To check also the impact on mortar more in depth,same comparison is given in Fig. 6-36 for
the local mortar damage. The positive influencerebfressing on the local mortar damage may
be easily seen for both walls. No very importaffiuience of the manner to simulated prestress-
ing becomes visible. Since, the results scatteeduigh and especially for the local unit damage
contrary impacts occur. The result presentationrieflip extended to wall 4, which is static
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loaded as well, for a non-prestressed and a psssitleversion. First, the unit and mortar damage
distributions are presented in Fig. 6-37 and Fig86s well as the meaningful equivalent plastic
strain in Fig. 6-39. The last is significantly reddcby vertical prestressing, not only on local
contemplation, but also on global one. The prestigeffects slightly greater local unit damage.
This is true for the whole load history as showntlie damage displacement diagram of
Fig. 6-42. The global unit damage is clearly highdrich is also exactly expressed in Fig. 6-43.
The local mortar damage is likewise displayed imagm@m of Fig. 6-41. The same trend than for
wall 1 and 3 becomes visible. This damage is styorggluced by the strengthening measure.
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Fig. 6-37: Wall 4 — Unit damage of static loadingwp = 4.35 mm, Left: Non-prestressed,
Right: Prestressed
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Fig. 6-38: Wall 4 — Mortar damage of static loadorgux = 4.35 mm, Left: Non-prestressed,
Right: Prestressed
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Fig. 6-39: Wall 4 — Equivalent plastic strain oftatdoading onu, = 4.35 mm,
Left: Non-prestressed, Right: Prestressed
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The horizontal displacemeny of the upper middle point of wall 4 versus theihomtal reaction
forces are presented in Fig. 6-40, in blue fornthmerical results of the prestressed wall and in
magenta for the non-prestressed one. Also herémibertant increase of shear capacity becomes
visible. The computed results are related to sta#iding as well as the distributions of Fig. 6-37,
Fig. 6-38 and Fig. 6-39. In addition, the experitaéenvelopes of the static cyclic tests are de-
picted in red dashed line. Both curves — of th&t fand the third quadrant — are shown together in
the first one, to express the scatter. As alreagyaned, the static and static cyclic curves are
not comparable, strictly speaking. However, it @ne to get an idea of the correct trend of the
numerical static load displacement curves. In acdsgrestressing, the numerical static curve is
similar to the experimental one. The results aragitde.
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Fig. 6-40: Wall 4 - Horizontal load displacemenragtiam — Numerical results of static loading
and experimental envelope of static cyclic loading

40(
o
w 3001
o
w
()
g
S 200
©
£
o
=
100
— W4 Forces
— W4 Non-prestressed
0 T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10

Displacement [mm]

Fig. 6-41: Horizontal displacement versus local tmodamage — Numerical results of static
loading for wall 4
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Fig. 6-42: Horizontal displacement versus locat damage — Numerical results of static
loading for wall 4
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Fig. 6-43: Horizontal displacement versus globat damage — Numerical results of static
loading for wall 4

This section concludes with the recognition, tha& tised material model of Lagomarsino and
Gambarotta [Gambarotta and Lagomarsino 1997b] gesva good description of the loadbear-
ing behaviour and effects of degradation as weldliasipation for all investigated prestressed
and non-prestressed walls. Thus, an utilisatiomdlolitional dynamic investigations is justified.
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6.3.2 Earthquake simulation with and without prestressing

In case of static action, the usefulness of vdrficastressing is generally uncontested to achieve
an increased shear capacity. Regarding a damage-basign, the results of the previous sec-
tions indicate a disadvantage for the unit damegpich usually increases with the vertical load-
ing. Moreover, the impact of vertical prestressm@vestigated for dynamic loading. In Chap. 5
the existence of an impact of prestressing on fmamhic behaviour is verified and elaborately
explained, additional by numerical simulations fimpact loading in 6.2.2. Experimental tests
with shaking tables are very costly. Thereuporyrading to investigate vertical prestressed ma-
sonry with tendons inside the walls was not avéglalp to now. To get information about the
usefulness of prestressing in case of earthqualeepéhaviour of wall 1 as well as wall 3 is
simulated. The used earthquakes are the base pfdbabilistic investigation given in 6.3.3 and
for the risk estimation in Chap. 8. Time historiedated spectra and further describing parame-
ters of these earthquakes are lengthily given tti@e 3.6.2 as well as in Appendix B for wall 3
and Appendix C for wall 1.

Also in this Section, the damage is expressed bgnsi®f the damage parameters (see Sec-
tion 4.3.4). In the ANSY&files and in the optiSLarfgfiles (regarding input as well as output),
the abbreviations of Tab. 6-9 are used. The symdnelgjiven as well. First, the results of wall 1
are presented, which is subjected to one earthdloakkelevel only. In contrast three levels are
used to investigate wall 3, one for each returmopleas explained in Section 3.6.2. This is done
with regard to an extended risk analysis for walt& Section 6.3.3.2 and Chap. 8).

Symbol Abbr.infile |Damageparameter description

max |upg | |uhrel Absolute maximal horizontal top displacement
maxa .. |SRATloc Maximal local brick damage

maxXa g, |SRATglob_av | Maximal average global brick damage
max a miec |EPEQIloc Maximal local mortar damage
maxa g, |EPEQglob_av [ Maximal average global mortar damage

max:” o [EQV Maximal plastic equivalent strain
max " w |EPPLXY Maximal plastic shear strain
max & v |EPPLYtens Maximal vertical plastic tensile strain

maxg"'yc EPPLYcomp | Maximal vertical plastic compressive strai

Tab. 6-9: Notation of the used damage parameters

For both, wall 1 and wall 3 the same conditionstemal parameters (regarding the previous
calibration) and vertical loads are used like ia firevious section. An exception is the loading
of upper storeys. In the static and cyclic simolagi forces are used, whereas in the following
dynamic simulations the upper storey loads are ffemtienore realistically with masses to com-
pute the important bracing wall of the first flo@n the one hand, the walls are modelled with-
out prestressing and are subjected to the eartequ&n the other hand, they are prestressed.
This is done by the two different manners with exaforces and more accurate with tendons.
The results of both walls are summarised in tabfesrder to have a good overview about the
impact of prestressing in dependency on the diffeesarthquakes and the means to model
prestressing. For the selected earthquakes, dbfiésentations are given by means of damage
distributions and diagrams for the vibration bebavi

6.3.2.1 Wall1

In comparison to wall 3, wall 1 has a much highesistance in terms of shear capacity. Thus, it
is subjected to stronger earthquakes. Otherwigewtl 1 would be loaded only in the elastic
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range, which is not reasonable for damage assesshienearthquakes are elaborately presented
in Appendix C. Their characteristics of these seanificial generated earthquakes are summa-
rised by means of important parameters in the faiste of Appendix C. Thereafter, the spectra
and time histories are depicted in pictures. Theesezarthquakes increase in duration. The
steady phase duration is used as label throughdsithesis. The first earthquake has a steady
phase duration of 2.5 s, while the last one hak suduration of 8.5 s. Since the steady phase
duration is not a common reasonable parameterismséogy, also the related uniform duration
is also given in Appendix C.

In Tab. 6-10 the maximal damages of each parameatdr each of the three wall models
(non-prestressed, prestressing modelled by meaestefnal forces and tendons) are summa-
rised for every earthquake. In order to have a gmaetview about the impact of prestressing,
the maxima of each parameter are underlined pénqgake, while the minima are written in
italic numbers. In the event of equality or neaatyuality, the numbers are not marked. Hence, it
is easily visible, if something has no impact ois ttamage parameter. The irregularity regarding
the impact of prestressing becomes simply cleghéalternation of underlined numbers (repre-
senting the maxima) between white fields (which kgha the non-prestressed wall) and col-
oured field (which symbols the prestressed wall)gaeh earthquake row. Since the earthquake
level is approximately equal (in average approxetyatt m/s2), it cannot be the reason for the
unexpected alternating tendency.

Probably, the different characteristics of eachetimstory cause these results, taking into account
the different frequency contents and natural fregies of the walls, which change during the
earthquake. Earthquake 2.5 leads to higher damagbe inon-prestressed wall for all parame-
ters, except the global unit damage. This goesnia, Wwith the results of the static analysis of
wall 1 in Section 6.3.1 (see Fig. 6-23, Fig. 6-3wl &ig. 6-35). For the remaining earthquakes
the mortar damage, the equivalent plastic strai@,piastic shear strain and the vertical plastic
tensile strain are reduced by prestressing. Howsdkier storey drift is slightly higher for all
earthquakes, except earthquake 2.5. The resulteddocal unit damage differ strongly. No cor-
relation can be found in this table. As to exp#wt, vertical plastic compressive strain is always
greater for prestressing. This is not true for eprétke 2.5.
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Earthquakes Wall Damage parameters
Steady | Arias
Duration| sity Al ! ! i " " eq xy it y.c

[s] [m/s] | [m/s?] (mml] O] | ] [ G [ [T [[%] |[%e] |[%c] |[%e]
Non-prest]. _2.0p 0.145 0.043| 145.9 3.55 3.8 1.94 5.68 -0.13

25 1.94 | 4.31| Forces 1.8p 0.126_0.09233.3 047 1.0p 042 1.%4 -0.p2
Tendons| 1.70( 0.1174 0.044 19.3] 0.2 0.6 03B 099 -0.11
Non-prest]. 2.79| 0.264 0.048| 128.1] 6.80 3.49 3.53 5.12 -0.31

3.5 2.27 | 3.76| Forces _3.49 0.255 0.08 75J1 4.322.18] 1.9¢q 3.21 -0.34
Tendons 3.4B0.254| 0.08q 74.8] 4.0 2.19 207 3.2 -0.36
Non-prestf. 3.37 0.30§ 0.061] 166.3 7.83 4.3q 4.64 6.27 -0.38

4.5 2.45 | 3.50| Forces 4.000.287| 0.094 116.1f 5.1 3.2]1 2.8 4.61| -0.42
Tendons| _4.4p0.32] 0.104 132,94 5.6 3.6p 2.40| 5.14 -0.5(
Non-prestf. 2.93| 0.261] 0.053] 278.1 6.29 6.74 4.19 9.61 -0.31

55 2.38 | 3.95| Forces _3.450.253| 0.089 85.6] 3.2§ 2.5 1.7  3.45-0.35
Tendons| errgr
Non-prestf. 2.77[ 0.213 0.059 270.1 6.4 6.64 3.6 9.59 -0.24

6.5 2.21 | 4.40| Forces _3.25 0.242 0.08 61.9| 2.49 1.3p 2.16-0.32
Tendons 3.1p 0.241_0.0B668.94 2.6% 19B 148 2.88 -0.B2
Non-prestl. 32g| 0.30 0.051] 185.] 6.78§ 4.93 3.71] 6.83 -0.3§

7.5 2.58 | 4.17| Forces 3.450.247( 0.089 154.2 4.80 4.7 2.12| 5.87 -0.34
Tendons| _3.9f10.264 0.090 108.8] 4.44 3.03 2.471 4.40] -0.39
Non-prestf. 3.03[ 0.26§ 0.05p 151.9 6.50 4.09 4.04 5.84 -0.31

8.5 2.44 | 450| Forces 3.7f 0.249 0.0?398.7 4.53 2.8({ 2.2p 4.42-0.39
Tendons ﬂp.%% 0.0931 113} 5.0p 3.19 3.p8 4p7 -0l42

Tab. 6-10: Maximal damage parameters summarisetthéarelated earthquakes, wall 1,
maxima (underlined) and minima (italic) are marked column
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In Fig. 6-44 until Fig. 6-48 the behaviour for dayiake 7.5 is presented in detail. First, the unit
damage is compared for the non-prestressed walpasdressing with tendons in Fig. 6-44. The
maximal local damage occurs in the non-prestress®t] as well for the mortar damage (see

Fig. 6-45).

.05 JEES .22 010622 05 11 .22
.07 15 .29 .03 .07 .15

.010622
.03

Fig. 6-44: Wall 1, steady phase duration of 7.5Unit damage of static loading o/ 9.98 s,
Left: Non-prestressed, Right: Prestressed

STEP=943 STEP=943
sUB =21
TIME=9.98
NLEPEQ  (AVG)
DME =28.946
SMX =185.116

SMX =108.839

A i Lk Pl
) I I — I
92 185 92 185

0 11 16
5 23 69 138 5 23 69 138

Fig. 6-45: Wall 1, steady phase duration of 7.5Moftar damage of static loading on
t =9.98 s, Left: Non-prestressed, Right: Prestabsse
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The vibration behaviour of the non-prestressed arebtgessed wall is quite similar (see
Fig. 6-46). The greater amplitudes can be obsemethé prestressed version.
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Fig. 6-46: Storey drift in dependency of time famrprestressed and prestressed wall 1,
steady phase duration of 7.5 s

Thereafter, the unit damages are presented, local ionFig. 6-47 and global damage in
Fig. 6-48. Both develop stepwise. Whereas, the esudiccreases goes in line with the maximal
storey drifts, which are caused by acceleratiorkpespecially, Fig. 6-47 exhibits, that the local
damage is irregularly greater for the prestresseth® non-prestressed one, which depends on
the time. For the most time the local unit damagkigher in case of prestressing (blue curve).
However, in the end of the calculation the absolatiee of local unit damage is greater for the
non-prestressed wall (green curve). Despite thiseves shown in Tab. 6-10 automatically, and
represents not the whole truth. Regarding the ¢ldamage, prestressing is clearly disadvanta-
geous. Only a slight impact of the means to modestpessing (forces or tendons) on the dam-
age parameters can be observed.
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Fig. 6-47: Local unit damage in dependency of time for non-prestressed and prestressed
wall 1, steady phase duration of 7.5 s
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Fig. 6-48: Global unit damage in dependency of time for non-prestressed and prestressed
wall 1, steady phase duration of 7.5 s

6.3.22 Wal3

Subsequently, the dynamic results of wall 3 are presented for each of the three return periods
(earthquake load levels), which are the base for the probabilistic and risk analysis (see Chap. 8).
The earthquake is described in Section 3.6.2 and Appendix B. Here, only four different steady
state durations are taken into account. This means, only four different accelerograms are applied
and the difference in duration is smaller. Related to each return period, the maximal damages of
each parameter and each of the three wall models are summarised for every earthquake in

Tab.

6-10 until Tab. 6-13. As aready pointed out above for wall 1, the maxima of the each pa-
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rameter are underlined, while the minima are wmiiteitalic numbers for every earthquake row,
in order to improve the visibility. For the low lelvearthquakes related to the return period of
475 years, significant differences between the itwemners to model prestressing cannot be ob-
served often.

Numerous damage parameters are zero for the mssttevall. The irregularity appears to be
more complex in case of wall 3 and increases with level of seismic excitation. Anyway,
throughout all earthquakes, the mortar damagestla@quivalent plastic strain is reduced by
prestressing. The unit damages — both local andablelare increased due to prestressing. Two
exceptions exits in for the 10000 years returnque(see Tab. 6-13) for the local unit damage.
The plastic shear strain is greater in case of pesihg for low seismic action (return period of
475 and 2000 years). The opposite occurs for steanthquakes (10000 years return period) as
given in Tab. 6-13. The vertical plastic tensileasts are reduced due to prestressing for all
earthquakes. In contrast, the vertical plastic c@sgive strain is always greater for prestressed
versions of wall 3, which is also observed abovenfall 1. However, the remaining plastic com-
pressive strain is much smaller, than the remainergical tensile strain. Thus, the benefit due to
the strengthening measure is good regarding theseneters. The storey drift is slightly higher
for all small earthquakes that belong to the refpenod of 475 years, for the non-prestressed
wall. The opposite occurs for the medium earthqudketsirn period of 1000 years), while the
results are very irregular for the strong seisntitoa (see Tab. 6-13). The local mortar damage
is always higher for the non-prestressed wall, Whiccaused by the high slenderness. In gen-
eral, these dynamic results go in line, with thsules of the static analysis of wall 3 in Sec-
tion 6.3.1.

a) Return period of 475 years

Earthquakes RP=475 Wall Damage parameters
Steady | Arias max [ max | max | max | max | max [ max [ max | max
Phase | Inten- | PGA 3 ol ol ol ol
Duration| sity Al |Uh.re|| Opjoc | Bogio | Emloc | Omgo | & eq iy vt | €ye
[s] [m/s] |[m/s?] mm]) (1] [ H I [%0] |[[%0] |[%] |[%o]

1
Non-prestp. _1.180.030| 0.009 4.61 0.1§ 0.19 0.08/ 0.2§ -0.01
4.5 0.13 | 0.86| Forces 1.1 _0.0450.024 0.0 0. .15 0p0 -0{05
Tendons| 1.10( 0.063 0.02 0.0p 0.0 0.p9 045 0j00 -J.05

(=)

o
©
o

Non-prest]. 1.0g 0.033] 0.01Q 8.74 0.2 0.3 0.08] 0.5 -0.02
55 0.15 | 1.21| Forces | 1.15| 0.06¢ 0.02 0.0 0.g0 0.09] 0.1 0.00 -0.0p
Tendons 1.1y 0.086 0.0p6 000 000 Q.10 0.16.00 -0.0%

Non-prestp. 1.53] 0.04§ 0.014 24.8q 0.59 0.81 0.12| 1.22 -0.03

6.5 0.14 | 0.93| Forces | _1.6f 0.099 0.03§ 0.14 0.0¢ 0.1 0.23 0.00 -0.p8
Tendons 1.6p 0.047 0.0B30.09] 0.00 0.14 0.28 0.00 -0.08
Non-prestp. ~ 1.4{1.0.040| 0.013 21.13 0.49 0.71 0.10| 1.04 -0.02

7.5 0.16 | 0.92| Forces 1.4[L _0.0470.03q0 0.0 0.0
Tendons| 1.39 0.07§ 0.03 0.0b 0.4

(=)
ey

2 0.19 0.p0 -0jo6
42 0f9 0j00 -d.06

o
ol|°e

Tab. 6-11: Maximal damage parameters summarisethéarelated earthquakes, wall 3, return
period of 475 years, maxima (underlined) and minfitadic) are marked per column
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b) Return period of 2000 years

Earthquakes RP=2000 Wall Damage par ameter s
?Dtsaail ﬁi'e?f PGA[ 3 | MOX | M| mex | max ) maxy TG IR TR ) R
Duration| sity Al [Unrel | @bioc | ®ogio | @mioc | Fmgio Speq £pxy ﬁpy,t Epy,c
[s] [m/s] | [m/s?] mmif G| B ] | ] | (%] [[%] |[%] %]
Non-prest]. 1.59] 0.0471 0.01p 23.54 0.59 0.77] 0.13| 1.1¢ -0.03
45 0.20 | 1.38| Forces | _1.7]1 0.091 0.034 0.2 0.15§ 0.24 0.0fL -0.08
Tendons| 1.7p 0.090 0.0B40.21| 0.0 0.1% 0.2¢ 0.01 -0.08
Non-prest]. 1.91| 0.06§ 0.018 64.7q 1.33 1.91 0.18| 2.87] -0.05
5.5 0.21 | 1.42| Forces 2.2p 0.115 0.043 0p4 0J0D.20f 0.33 0.07 -0.1
Tendons| 2.2 0.115 0.0#3 0/94 002 @21 §.33 p.07 10.12
Non-prest]. 1.96] 0.067 0.01 48.33 1.0§4 1.34 0.20| 2.0q -0.05
6.5 0.25 | 1.20| Forces 2.18 0.1d8 0.0400.87| 0.02 0.19| 0.31 0.06( -0.11
Tendons| _2.1p0.11] 0.044 0.99 0.02 0.2p _0.32 0.07 -0.1]
Non-prest]. 1.9p0.067| 0.019 81.14 1.63 2.34 0.19| 3.50 -0.05
75 0.25 | 1.48| Forces | 1.90] 0.102 0.038 0.45| 0.0 0.17| 0.24 0.02 -0.1(
Tendons| _1.9B 0.104 m 0.54 001 0.1 _0.29 0.03 -0.1

Tab. 6-12: Maximal damage parameters summarisetthéorelated earthquakes, wall 3, return
period of 2000 years, maxima (underlined) and man(italic) are marked per column

c¢) Return period of 10000 years

Earthquakes RP=10000| Wall Damage parameters
Procs | e [poa| g | mex | max | max | max | max ol I i e
Duration| sity Al [Unral | @bioc | bgio | Cmioc [ @mgio | &g | &%y | & ye | €y
[s] [m/s] | [m/s?] fmmlf G | E1 ) | E [[%] |[%] |[%] %]
Non-presti. 3.12 0.179 0.03]161.99 4.84 4.11] 159 6.13 -0.18
4.5 6.12 | 2.05| Forces 3.3 0.178 0.024.56] 0.31 0.8 0.8 1.21-0.22
Tendons| 3.4 0.187 0.064 29.04 048 096 090 1.43_-0p3
Non-prest. _3.2B 0.209 0.035|217.04 6.14 5.37] 3.0 7.94 -0.21
5.5 6.46 | 1.90| Forces 2.8y 0.149_ 0.05512.09 0.13 0.4fF 044 0.69 -0.7
Tendons| 2.54 0.133 0.049 5.67| 0.09 024 038 020 -0.}14
Non-prest. _3.2#1 0.197 0.033|268.01 6.34 6.54 3.09 9.64 -0.20
6.5 6.90 | 1.96| Forces 276 0.144_0.039.74 0.13 0.3p 0.4 0.7 -0.16
Tendons| 2.45( 0.127 0.044 4.21f 0.07 0.2 0.3y 025 -0.13
Non-prest. 3.20[ 0.174 0.03]161.8 5.21 4.2q 2.14 6.17] -0.17
7.5 8.17 | 2.15| Forces 3.3 0.174 0.024.21] 0.4 0.83 0.8 1.23| -0.22
Tendons| _3.380.181] 0.064 28.60 0.54 0.9p 0.86| 1.42 -0.21

Tab. 6-13: Maximal damage parameters summarisetthéarelated earthquakes, wall 3, return
period of 10000 years, maxima (underlined) and mén(italic) are marked per column
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In Fig. 6-49 until Fig. 6-53 the behaviour for ¢mtiake 7.5 is presented in detail. First, the unit
damage is compared for the non-prestressed walpasdressing with tendons in Fig. 6-49. The
maximal local unit damage occurs in the prestresadt] as well maximal mortar damage (see
Fig. 6-50).

NODAL SOLUTION

STEP=943

SUB =21
TIME=9.98
NLSRAT  (AVG)
RSY5=0

DM =2.118
SUN =.003416
SME =.172381

NODAL SOLUTION

— |—
.003416 075 T .16 .022042 075 T 16
.045 .09 13 8 .045 .09 .13 .18

Fig. 6-49: Wall 3, return period of 10000 yearsasty phase duration of 7.5 s — Unit damage
of static loading o = 9.98 s, Left: Non-prestressed, Right: Prestiesse
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RSYS=0 RSYS:
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002083 5 20 81 0 5 20 81
2.5 10 40 162 2.5 10 40 162

Fig. 6-50: Wall 3, return period of 10000 yeargasty phase duration of 7.5 s — Mortar dam-
age of static loading ar= 9.98 s, Left: Non-prestressed, Right: Prestasse
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Fig. 6-51: Storey drift in dependency of time famrprestressed and prestressed wall 3, re-
turn period of 10000 years, steady phase durafignbos

Similar trends between wall 1 (see Section 6.3.2rid wall 2 can be observed regarding the
damage diagrams in Fig. 6-52 and Fig. 6-53. It ddpen the observed time, whether the local
unit damage is higher for prestressing. In contrhg global unit damage is always greater in
case of prestressing. In difference to wall 1 €ast for the 2.5 earthquake), the vibration behav-
iour is more influenced due to prestressing aslaygpl in Fig. 6-51. This may be not stated for
the general vibration behaviour over the whole tiimé the differences in the peak amplitudes
are significant, not so for wall 1 (see Fig. 6-44).case of wall 3, the non-prestressed one ap-
pears more damped, which is not caused by othepidgnparameters, since they are equal. Due
to the very high mortar damage the wall loses nsfiffness and changes so the natural fre-
guency more significantly. In the beginning of #wthquake, the amplitudes and the periods are
still equal, while after important seismic excitatithe period of the non-prestressed wall be-
come longer. The last confirms stiffness degradation
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Global unit damage (SRAT) [-]

Global unit damage (SRAT) [-]
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Fig. 6-52: Local unit damage in dependency of tfarenon-prestressed and prestressed
wall 3, return period of 10000 years, steady pliasation of 7.5 s
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Fig. 6-53: Global unit damage in dependency of tiareon-prestressed and prestressed
wall 3, return period of 10000 years, steady pliasation of 7.5 s

6.3.3 Probabilistic earthquake simulation with and withprestressing

Mainly for the risk assessment in Chap. 8, the abdlstic analyses are carried out. However,
further reasons are the observed irregularitighérdynamic results (see Section 6.3.2). The idea
is to fix the trends of the impact of prestressstafistically. Of special interest is the unit dam-
age. For this parameter, correlations could natrisired above. Moreover, this damage parame-
ter is very important, since it can influence thetility meaningful. For the probabilistic simula-
tions the advanced program optiSL&ng used throughout the thesis. It produces theesisy

in the samples, executes ANSY® simulate all samples and evaluates the restatistically.
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6 Numerical investigation of non-prestressed arstpessed masonry structures

Latin hypercube sampling is used in the framewdrkobustness analyses. Sensitivities and

probability density functions PDFs for the damageameters are desired results. By means of
the damage parameters — introduced in Section 4.814 damage is expressed in this section as
well as above. Exactly the same numerical wall n®dad earthquakes of the dynamic analyses
are used as mean values. However, these mean eahiés here.

6.3.3.1 Wall1

The allowed range of scattering is defined by POFe sequence of the variables (input pa-
rameters), their notation as well as related distion types are listed in Tab. 6-14 for wall 1.
Two probabilistic analyses are performed, onelierrton-prestressed and one for the prestressed
versions.

No. | Sym. [ Abbr. [ Variable ] Distribution ‘ Expected/mean [ Standard deviation | Min. [ Max.
Masonry:
1|7 nuxy Poisson's ratio lognormal 0.15 0.25*0.15=0837 - -
2 | pm dens Density of masonry normal 1.65E-9 to/mm3 0.075*1.65E-9 - -
=0.12375E-9 to/mm?3
3 |Em emod Young’s Modulus normal 5800 N/mm? 0.1*5800=586hm?2 - -
of masonry
4 |u fric Friction coefficient lognormal 0.436 0.185*@@=0.0807 - -
Onr mtens Tensile strength lognormal 0.87 N/mmp¢ 0.35760.3045 N/mm?2 - -
of mortar joints
6 |mm mshea Shear strength of lognormal 0.44 N/mm2 04340.132 N/mm?2 - -
mortar joints
7 | oo comp Compressive lognormal 17.2 N/mm 0.17*17.922 N/mm? - -
strength of masonry
8 | 7o bshea Shear strength lognormal 2.5 N/mm: 0.15*2F#DN/mm?2 - -
of masonry
Support condition - Stiffness of the concrete flstab:
9 |E EmodCon| Young's Modulus truncated 14000 N/mm)| 0.4*14000 0.1 47600
of concrete normal = 5600 N/mm?
Damping:
10 | @ adamp Rayleigh mass uniform 0.62 - 0.4048 0.8352
damping
11 |8 bdamp Rayleigh stiffness uniform 0.0003 - 0.0001 0.0005
damping
Loading:
12 | Xsa | xskal Scaling factor for lognormal 1 0.5*Mean - -
horizontal acceleration
13 | Ysa | yskal Scaling factor for lognormal 1 0.5*Mean - -
vertical acceleration
14 | pm headmasg Density of mass of truncated 2.19164E+7 0.4*2.19164E-7 1.00E-10 1.15E-06
upper structure parts normal to/mm3 =0.876656E-7to/mm3
15 | D durat Earthquakeduration discrete - 25 358565 7.5 85 25 85
of the steady phase uniform
16 | P PreFo Sum of prestessing lognormal 360000 36W085=126000 N - -
forces

Tab. 6-14: Parameters varied and applied distobuir wall 1

The results are presented and explained hereingitst of all the important correlation matrices
are displayed in Fig. 6-54, which shows the linearrelation coefficients for each parameter
(input and output). A red diagonal leaps into theseimmediately, which represents the correla-
tion of the parameters with itself (it has to bee@nd therefore red). The matrix is divided by
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6 Numerical investigation of non-prestressed amdtpessed masonry structures

two lines into four parts. The lines separate immd output parameter. The output parameters
are highly correlated with each other. In caséhefwertical plastic compressive strain, the corre-
lation is negative (blue line), caused by the nggadign. Since in the probabilistic analysis of
the prestressed wall also the prestressing foralawed to scatter, the left matrix contains one
parameter more. The high sensitivities of the inmrametersa for the horizontal excitation
and the head mass are easily visible.
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Fig. 6-54: Correlation matrices of wall 1, Left: Mprestressed (15 input parameters), Right:
Prestressed (16 input parameters)
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Fig. 6-55: Correlations for the non-prestressed,alfft: Input parameter head mass with
output parameter global unit damage, Right: Oupguéameters global unit damage and storey
drift

For the non-prestressed wall, the correlation afdheass with global unit damage is presented
exemplary in Fig. 6-55 on the left. While in theghi anthill plot the regression function of the

output parameters global unit damage and stordlyate shown. The linear regression coeffi-

cients are high. Subsequently, the sensitivitieseatemplary presented for the maxima of the
important damage parametekSel, b joc andep'y,t in Fig. 6-56 for the non-prestressed wall and in
Fig. 6-57 for the prestressed wall.
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Fig. 6-59: Probability density functions of stomyft for the non-prestressed and prestressed
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Fig. 6-60: Probability density functions of glohalit damage for the non-prestressed and
prestressed wall

The leading impact of the input parameters head massid the scaling factofsa (describing
the seismic load scattering of the horizontal etticih component) is an important outcome of
the probabilistic analyses. BotKga andpy represent the dynamic loading. They have a high
impact on all damage parameters, which is exprelsgede coloured lines 12 and 14 in the cor-
relation matrices of Fig. 6-54. The lines numbephgk to the number of input parameters given
in Tab. 6-14. The sensitivities of the material paeters are quite small and no general impact
on all damage parameters can be observed asé sase foKska andpy. Moreover, the vertical
excitation component has also no significant impechon damage parameter. This is confirmed
by previous probabilistic investigations publishied[Urban, Sperbeck, Peil 2006] and [Ur-
ban 2007]. The observed trends for the sensitivitiewn-prestressed walls are also valid for the
investigated prestressed wall. For the prestresaedan additional impact of the prestress level
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6 Numerical investigation of non-prestressed amdtpessed masonry structures

on the local and global unit damage can be se€igirt-54, as already known from the previous
deterministic simulations. In Fig. 6-58 until F&60, probability density functions PDFs for the
damage parameters equivalent plastic strain, storifyand global unit damage are depicted,
which represent the damage probability. Fig. 6-&®ldys not only the fitted continuous log-
normal functions, but also the histograms of thedpced samples. It can be easily seen for the
equivalent plastic strain that prestressing redubesprobability for high damages, but it in-
creases the probability for small damages. In aafsglobal unit damage (see Fig. 6-60),
prestressing effects the contrast. Here, high damagcur with higher probability. This confirms
the observed trends of the deterministic analyBes. to the probabilistic investigations, the ir-
regularities become clearer and it can be conclutted in general not only the local, but also
the unit damage is increased due to prestressingpfopact walls. The storey drift is not signifi-
cantly affected by prestressing, since the curliesvano great differences (see Fig. 6-59).

6.3.3.2 Wall 3

For wall 3 an extended probabilistic investigatisrdone. In the sum, six different probabilistic
simulations are carried out for three differenttleguake load levels for return periods of
475 years, 2000 years and 10000 years to accourhdodifferent probabilities of exceedance
(see Tab. 3-4) regarding the hazard curve forrtensity (see Fig. 3-11). On each seismic level
(or return period) two probabilistic simulation® grerformed, one for the non-prestressed wall 3
and one for the prestressed wall 3.

On each of the three load levels the probabiletialyses differ slightly concerning the number
of investigated scattering input parameters ofrdsistance. First of all, (regarding some litera-
ture and experience) the scattering of the earttejl@ading is usually so important that the
other scattering could almost be neglected. Fumbeg, previous parameter studies and investi-
gations of [Urban, Sperbeck, Peil 2006] and [UrB@07] have shown very small influences of
several material parameters, for which a considesirscatter is not anymore necessary. In addi-
tion some parameters influence the convergencarenaly, while they have almost no impact
on the damage parameters. The influence on the mgenee leads to aborted simulation, which
reduces the number of samples significantly andfarsthe accuracy of the probabilistic analy-
ses. Therefore, some of such material parameterasatened to be deterministic. However, the
significances of almost all material parametersdmecked for a return period of 475 years. In
this case the impact of the earthquake loadingviet than for the return period of 2000 years
and 10000 years. All parameters which scatterwelsas their probabilistic density functions -
are listed in Tab. 6-15, Tab. 6-16 and Tab. 6-Ti&(@ble for every seismic level). In the evalua-
tion it was necessary to deactivate some samplesaldamage hotspots (wrong calculation of
the material model) and nonsensical random paransetection of optiSLarfy An extended
presentation is only given for a return period @54ears. Since, their similarities, a lot of pic-
tures are only shown in the Appendix E for the remmgj return periods.

In this paragraph an evaluation of the resultsndigg the sensitivities is given for all three re-
turn periods. The leading impact of the input par@nmsehead mags, and the scaling factofsal
(describing the seismic load scattering of the Zwrial excitation component) is already ob-
served in the probabilistic analyses of wall 1. Shene can be observed in all analyses of wall 3
for all return periods. BottXsa andpm represents have a high impact on all damage paessne
which is shown by the coloured lines in the cotiela matrices in Fig. 6-61, Fig. 6-66 and
Fig. 6-67. The lines number of the matrix for thegtressed wall belongs to the number of input
parameters given in each related Tab. 6-15, T4l &nd Tab. 6-17. The matrices are very simi-
lar. In the bar charts, the enormous impact is veryceable. This high impact &&ka andpm
increases with the earthquake strength (returroggrFor a direct comparison the Fig. 6-62 and
Fig. 6-68 for a non-prestressed as well as Fig3 @td Fig. 6-69 for a prestressed wall can be
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simply used. The diagrams of Appendix E confirnsttelation. Moreover, it can be seen that
this impact ofXya andpy is reduced by prestressing. Furthermore, the neestevel influences
the damage. It increases the unit damage, butiedses the mortar damage and the equivalent
plastic strain as for instance depicted in Fig36a6d Fig. 6-69 in the middle. These goes in line
with the results of previous deterministic simwas. The stiffness of the floor slab — which is
simply modelled by a variable Young's Modulus fbetconcretde; — has a medium or small
impact on some damage parameters (see e.g. FRjaebFig. 6-63 on the right). However, it is
the third most important parameter for the storgft.dThe greaterE., the smaller the storey
drift. The damping parameters are sometimes mediymortant, but never significant. The sen-
sitivities of the material parameters are quite lsarad no general impact on all damage parame-
ters can be observed as it is the caseXf@r andpw or the prestress level afg. The most im-
portant material parameter seems to be the comypeesisength of the units. With an increased
earthquake load level (return period) its impaatdmees less important. Also here, the vertical
excitation component has also no significant impechon damage parameter. This is confirmed
by previous probabilistic investigations publishied[Urban, Sperbeck, Peil 2006] and [Ur-
ban 2007].

The probability density function PDFs for the damagrameters are partly presented in Chap. 8
and Appendix E, since they are used in Chap. &risk calculation.
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a) Return period of 475 years

No. [ sym.[Abbr. | Variable [ Distribution | Expectedimean | Standard deviation Min. | Max
Masonry:
1 |n nuxy Poisson ratio lognormal 0.15 0.25*0.15=0.0375 - -
2 |pm dens Density of masonry normal 1.65e-9 to/mnj? B0B5e-9 - -
=0.12375e-9 to/mm3
3 |Em |emod Young’s Modulus normal 5800 N/mm2 0.1*5800=58Mm? - -
of masonry
4 |u fric Friction coefficient lognormal 0.436 0.185*@@=0.0807 - -
5 |om mtens Tensile strength lognormal 0.87 N'mm?2 0.35760.3045 N/mm?2 - -
of mortar joints
6 |mm mshea Shear strength of lognormal 0.44 N/mm?| 042r60.132 N/mm?2 - -
mortar joints
7 | Cm IDPGm Inelastic deformation  uniform 0.95 - 0.5 15
parameter for mortar
8 |om comp Compressive lognormal 17.2 N/mm? 0.17*17.922 N/mm?2 -
strength of masonry
9 |7 bshea Shear strength lognormal 2.5 N/mm? 0.15*2HFDN/mm?2 - -
of masonry
10 | Cot IDPEb Inelastic deformation|  uniform 1.1 0.6 1.55
parameter for mason
ry
Support condition - Stiffness of the concrete flskab:
11 |E EmodCon| Young’s Modulus truncated 14000 N/mm? 0.4*14000 0.1 47600.0
of concrete normal = 5600 N/mm?
Damping:
12 |a adamp Rayleigh mass uniform 0.62 - 0.4048 0.8352
damping
13 |8 bdamp Rayleigh stiffness uniform 0.0003 - 0.0001 .0005
damping
Loading:
14 | P PreFo Sum of prestessing lognormal 352000 N 352085=123200 N - -
forces
15 | Xsa | xskal Scaling factor for lognormal 1 0.5*Mean - -
horizontal accelerati-
on
16 | Ysa | yskal Scaling factor for lognormal 1 0.5*Mean - -
vertical acceleration
17 | pm headmasg Density of mass of truncated 2.293584¥iNt3 0.4*2.29358e-7 1.00E-10 1.15E-D6
upper structure parts|  normal =0.917432e-7to/mm
18 | D durat Earthquakeduration diskrete - 45 55 B5 4.5 75
of the steady phase uniform

Tab. 6-15: Parameters varied and applied distobstfor wall 3 and a return period of
475 years

The matrices in Fig. 6-61 for the non-prestressall @n the left and for the prestressed one on
the right are very similar. The left matrix miss®@® line and one row for the variable prestress
level. All output parameters are highly correlateith each other. Not so the mortar damages
with the storey drift and the unit damage. Thisdmes less in case of prestressing. The bar
charts show negative correlation of many matergahmeters with the damage. This means for
instance: The higher the strength, the lower theatge.
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Fig. 6-61: Correlation matrices of wall 3 RP = 4EBft: Non-prestressed (17 input parame-
ters), Right: Prestressed (18 input parameters)
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Fig. 6-62: Linear correlation coefficients of themprestressed wall, Left: For storey drift,
Middle: For local unit damage, Right: For globaltidamage
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Fig. 6-63: Linear correlation coefficients of thegtressed wall, Left: For storey drift, Mid-
dle: For local unit damage, Right: For global uddmage
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Fig. 6-65: Linear correlation coefficients of thegtressed wall, Left: For local mortar dam-
age, Middle: For mortar global damage, Right: Fauiealent plastic strain

b) Return period of 2000 years

Since the most material parameter do not have aortant impact on the damage parameters,
its number is reduced in the probabilistic analysethis return period - which is shown by a

comparison of Tab. 6-15 and Tab. 6-16 — in ordeintwease the accuracy of the probabilistic
simulations or to allow a smaller amount of sampldge matrices in Fig. 6-66 are less similar
than the ones in Fig. 6-61 for the return periodt b years (lower excitation level). In case of
prestressing the correlation of the output pararaedecreases relatively strong. The blue lines
show the high negative correlation with the veftjgastic compressive strain. This is only due
to the negative sign for compression. The bar chaitls the linear correlations between the

damage parameters and the input parameter arepmeggnted in Appendix E for this return pe-

riod.
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No. | Sym. |Abbr. | Variable | Distribution | Expected/mean ‘ Standard deviation | Min. | Max.
Masonry:
1 (n nuxy Poisson's ratio lognormal 0.15 0.25%0.15=093 - -
2 | Pm dens Density of masonry normal 1.65e-9 to/mn? 7%:0.65e-9 - -
=0.12375e-9 to/mm?
3 |Em emod Young's Modulus normal 5800 N/mm? 0.1*58008-58mm? - -
of masonry
4 |0 fric Friction coefficient lognormal 0.436 0.185436=0.0807 - -
5 | Omr mtens Tensile strength lognormal 0.87 N/mm2 003%57=0.3045 N/mm?2 - -
of mortar joints
6 | Tmr mshea Shear strength of lognormal 0.44 N/mm? 043%60.132 N/mm2 - -
mortar joints
7 | oo comp Compressive lognormal 17.2 N/mm? 0.17*17.922 N/mm?2 - -
strength of masonry
8 |Tor bshea Shear strength lognormal 2.5 N/mm2 0.15@23% N/mm?2 - -
of masonry
Support condition - Stiffness of the concrete flskab:
9 |E EmodCon| Young's Modulus truncated 14000 N/mm? 0.4*14000 0.1 47600.0
of concrete normal = 5600 N/mm?
Damping:
10 | @ adamp Rayleigh mass uniform 0.62 - 0.4048 0.8352
damping
11 |B bdamp Rayleigh stiffness uniform 0.0003 - 0.00010.0005
damping
Loading:
12 |P PreFo Sum of prestessing lognorma| 352000 N @F2035=123200 N - -
forces
13 | Xskal | Xskal Scaling factor for lognormal 1 0.5*Mean - -
horizontal acceleration
14 | Yska | yskal Scaling factor for lognormal 1 0.5*Mean - -
vertical acceleration
15 | Pm headmasg Density of mass of truncated 2.293568¥im? 0.4*2.29358e-7 1.00E-10 1.15E-P6
upper structure parts normal =0.917432e-Hwm
16 | D durat Earthquakeduration diskrete - 45 55 B5 45 75
of the steady phase uniform

Tab. 6-16: Parameters varied and applied distobstfor wall 3 and a return period of
2000 years
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Fig. 6-66: Correlation matrices of wall 3 RP = 2006éft: Non-prestressed (15 input parame-
ters), Right: Prestressed (16 input parameters)
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¢) Return period of 10000 years

No.[sym.[Abbr.  [variable | Distribution | Expected/mean | Standard deviation | Min. | Max.
Masonry:
1 (n nuxy Poisson's ratio lognormal 0.15 0.25*0.15=0%3 - -
2 |pm dens Density of masonry normal 1.65E-9 to/mmp 7940.65E-9 -
=0.12375E-9 to/mm3
3 | Em emod Young's Modulus normal 5800 N/mm?2 0.1*58003-58mm?2 - -
of masonry
4 | fric Friction coefficient lognormal 0.436 0.185436=0.0807 -
Support condition - Stiffness of the concrete flstab:
5 | E EmodCon| Young's Modulus truncated 14000 N/mm? 0.4*14000 0.1 47600.0
of concrete normal = 5600 N/mm?
Damping:
6 |a adamp Rayleigh mass uniform 0.62 - 0.4048 0.8352
damping
7 |B bdamp Rayleigh stiffness uniform 0.0003 - 0.00010.0005
damping
Loading:
g8 |P PreFo Sum of prestessing lognormal 352000 N GFP035=123200 N - -
forces
9 | Xska | Xskal Scaling factor for lognormal 1 0.5*Mean - -
horizontal acceleratior)
10 | Yska | yskal Scaling factor for lognormal 1 0.5*Mean - -
vertical acceleration
11 | Pm headmasg Density of mass of truncated| 2.293683 0.4*2.29358E-7 1.00E-10 1.15E-D6
upper structure parts normal =0.917432E-TMoim
12 | D durat Earthquakeduration discrete - 45 55 B5 45 75
of the steady phase uniform

Tab. 6-17: Parameters varied and applied distobstfor wall 3 and a return period of
10000 years

The matrices in Fig. 6-67 are similar to the ome§ig. 6-61 for the return period of 475 years.

In case of prestressing the correlation of the wupgrameters do not change much. The mortar
damages are lower correlated with unit damage.|dd¢w unit damage is less correlated with the

plastic strains. Only some bar charts with thedmeorrelation coefficients of the damage pa-

rameters and the input parameter are presented.deélwther may be found in Appendix E.

15 20

Parameter | Response

Parameter | Response,

20

15

10

Fig. 6-67: Correlation matrices of wall 3 RP = 100Deft: Non-prestressed (11 input parame-
ters), Right: Prestressed (12 input parameters)
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Fig. 6-68: Linear correlation coefficients of themprestressed wall, Left: For local mortar
damage, Middle: For mortar global damage, Right:deuivalent plastic strain
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Fig. 6-69: Linear correlation coefficients of theegtressed wall, Left: For local mortar dam-

age, Middle: For mortar global damage, Right: Fepriealent plastic strain
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Fig. 6-70: Linear correlation coefficients of themprestressed wall, Left: Global unit dam-
age, Right: Global mortar damage
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6 Numerical investigation of non-prestressed amdtpessed masonry structures

To conclude this subchapter, the linear regressibrise prestressing level with the global unit
damage and the global mortar damage are depictdekianthill plots of Fig. 6-70. It confirms
all analyses. The higher the prestressing, the hidfeeunit damage, the lower the mortar dam-
age.

6.4 Simulation of Hall 8iBMB

The Hall 8 of the iBMB in Braunschweig, Germany detss of vertical prestressed masonry
walls as explained in Section 4.2.6.4. The biggestibg wall is numerically investigated in this
study in cooperation with [Bazrafshan 2008]. Siegperimental results of this wall do not exist
— it has dimensions of 5.50 m in width and 6.3&rheéight — a structural check by special inves-
tigations was necessary to get permission for ierecsince a standardised structural design cal-
culation is also not available in European codesoupie current time of writing for prestressed
masonry. To predict the shear capacity of this irtgy bracing wall the material model of Lago-
marsino and Gambarotta [Gambarotta and Lagomat$ifi@b] is used here as well. The input
values for the material parameters may be used thenprevious model calibration on the basis
of the shear wall tests of Braunschweig, whichxisl@ned in Section 6.3.1, since the same ma-
sonry material and prestressing method is usede®er, the usefulness of the numerical model
to describe these experimental tests is demondtiatgection 6.3.1.
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Fig. 6-71: Horizontal load displacement diagramuniérical results of static loading of wall
Pos. 8 in Hall 8 prestressed and non-prestressed

In order to prestress this bracing wall of Hallb8if tendons have been used, which are modelled
on the one hand by four external forces, on therdtland more accurate by additional elements
for the tendons. The horizontal load displacemeagm@im of Fig. 6-71 shows only small differ-
ence of the two modelling manners, which are degiat blue and magenta. Regarding the find-
ings of Section 6.2.1, major differences shouldekpected, because SC 2 (free rotating top of
the wall) is available. However, four tendons iastef two are used, which leads to another
loadbearing behaviour. For instance, the tendoosecto the middle cause only insignificant
restoring forces. For the tendons close to the haidbinost no differences occur regarding these
types of prestress modelling (see Section 6.2n1adHition this wall is rather slender. According
the previous case study, the differences are $light slender walls. Furthermore, the prestress-
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6 Numerical investigation of non-prestressed amdtpessed masonry structures

ing forces are smeared by the four strands leagirayuniform distribution of vertical stresses.

Here, the comparison of prestressed and non-pssstteversion is of interest. Fig. 6-71 clearly
presents the high increase of shear capacity thedsa doubles. Therefore, the aim of sufficient
resistance against horizontal wind and crane ruracdipn is reached. In the next sections, the
modelling results of the existing and a non-prestee state are briefly presented.

6.4.1 Simulation of the existing state

Within this section, the existing prestressed wsatumerically investigated and the two means
of prestress modelling are compared. As to expesstpécting the similar load displacement

curves), the distributions are very similar for ddimage parameters. This is true not only for the
quality, but also for the quantity. The unit damagewell as the mortar damage shows the
maxima on the corners. On the right lower cornesite failure occurs (see Fig. 6-73), while on

the left one toe crushing can be observed as givEig. 6-72.
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Fig. 6-72: Wall Pos. 8 — Unit damage of static iogtbnuaps= 10.7 mm, Left: Prestressed by
means of forces, Right: Prestressed by means dbten
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Fig. 6-73: Wall Pos. 8 — Mortar damage of statediog onuaps= 10.7 mm, Left: Prestressed
by means of forces, Right: Prestressed by meatendbns
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This goes in line with failure mechanisms descrilpeliterature and experimental results. A con-
centration of less damages both mortar and unitagenis visible along a brace between the
highly loaded lower left corner and the upper amgtmint of the second strand. In this range,
compression and shear mechanisms act strongeiirthaming wall parts. The reader may an-
ticipate diagonal unit cracking between the diagjeoeners. However, in this case of a compres-
sion braces appear. The main one (caused by theshiglress) occurs between the lower left
compression corner and the upper anchor pointeos#étond tendon. This results are in accor-
dance with truss girder models in [Ganz 1990a] [@utlelmann et al. 2004]. The tensile failure
on the corner is detected by the mortar damagégir6F73 and is confirmed by the vertical plas-
tic strain distribution of Fig. 6-74 with very higralues in the lower right part. It plays a major
role in comparison to the shear failure on the alie as corroborated by equivalent plastic
strain of Fig. 6-75. Since it includes componeritalbdirections, and in the distribution no sig-
nificant plastic equivalent strains are computkd,ghear failure impact has to be small.
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Fig. 6-74: Wall Pos. 8 — Vertical plastic strainstédtic loading omiaps= 10.7 mm, Left:
Prestressed by means of forces, Right: Prestrégsecbans of tendons
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Fig. 6-75: Wall Pos. 8 — Equivalent plastic strairstatic loading omaps= 10.7 mm, Left:
Prestressed by means of forces, Right: Prestrégsetans of tendons
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6.4.2 Simulation without prestressing

Complementary, the consequences of missed presgyes® predicted subsequently. First of all,
the shear capacity is essentially lower as showRign6-71. The important parameters are de-
picted in the following as the unit damage in FEg/6 on the left, the mortar damage in
Fig. 6-76 on the right and the equivalent plastiais (see Fig. 6-77 on the left). Moreover the
vertical plastic tensile strain is displayed in.Fgr7 on the right, which corresponds with the
high mortar tensile failure (see Fig. 6-76 on tight) and with the equivalent plastic strain. As
already stated for other simulated masonry strestuhe mortar damage, the equivalent plastic
strain and the vertical plastic tensile strain &l as the global damage are reduced by prestress-
ing. Note, that the values of the figures of thespressed and the non-prestressed wall cannot be
compared, since the differemgs
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Fig. 6-76: Wall Pos. 8 non-prestressed and staéiddd oruaps= 4.5 mm, Left: Unit damage,
Right: Mortar damage
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Fig. 6-77: Wall Pos. 8 non-prestressed and stagéiddd oni,ps= 4.5 mm, Left: Equivalent
plastic strain, Right: Vertical plastic strain
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6.5 Summary

In the first subchapter, the capability of the ussaterial models to describe the in-plane behav-
iour of unreinforced masonry shear walls is vedffer static loading, by means of the experi-
mental tests of Eindhoven [Vermeltfoort, Raijmak&993].

Thereafter, an extensive static case study is pegdrto fix important influences. The assump-
tion of a very high importance of the support céinds is confirmed. The existence of restoring
forces due to tendons is proved, which can be reddp taken into account only due to model-
ling of tendons. The same is valid for the changgrektressing force in the tendons, mainly
caused by wall rotation. This effect is much morasiderable for short tendons than for long
tendons and for constructions allowing a high degrewall rotation. Locating tendons close to

the edges is more reasonable than in the middifleeoivall, since restoring forces and moments
hamper the storey drift and insofar the damage els Afterwards, the impact of prestressing

and the impact of the means to model prestressirtgedynamic behaviour are demonstrated in
a dynamic case study.

In the third subchapter, the capability of the matemodel of Lagomarsino and Gambarotta
[Gambarotta and Lagomarsino 1997b] is verified réigg prestressed walls and static cyclic
behaviour. The numerical results are plausible agiiee well with experimental tests of the
prestressed shear walls of Braunschweig [Budelneamh 2004]. The loadbearing behaviour of
all investigated walls is qualitatively and queetiitely well predicted. The used material model
of Lagomarsino and Gambarotta is able to deschibartaterial behaviour and effects of degra-
dation and dissipation. Even the different hysterbghaviour of slender and compact walls is
very well simulated. Therefore, it can be utilised &dditional dynamic investigations.

Comparisons of static loaded non-prestressed agstrpssed versions of wall 1, 3 and 4 show
throughout a reduction of the mortar damage, edgialastic strain, plastic strain shear stain
and vertical plastic tensile strain. The global aitnage is always increased in case of prestress-
ing. The impact of prestressing on the local unihdge is somehow confusing. In case of wall 1
it reduces the local unit damage. However, thellond damage increases, if prestressing is ap-
plied on wall 3. No significant impact can be olveel for wall 4. The displaying of the local unit
damage over the histories exhibits a dependenthlyedmpact on degree of loading for it.

With the results of the parameter calibration byanseof the experimental tests described in
Budelmann et al. 2004], the dynamic behaviour iestigated for wall 1 and wall 3. Of main
interest is the impact of prestressing on the danpagameters. The results for the maxima of all
these parameters are summarised in Tab. 6-10 Tatiil6-13 for every earthquake in depend-
ency of non-prestressing or prestressing. The triardbe impact of prestressing from the static
analyses are confirmed by the most dynamic sinoratiSome additional irregularities can be
observed also for other damage parameters. Sircedtthquake level is approximately equal
(similar PGA) per table, it cannot be the reasartlie alternating tendency. Probably, the differ-
ent characteristics of each time history causeethesults, taking into account the different fre-
quency contents and natural frequencies of theswathich change during the earthquake. The
local and global mortar damage is always reducedthe most earthquakes the equivalent plas-
tic strain, plastic shear strain and vertical ptagtnsile strain are reduced by prestressing as
well. The storey drift is not significantly affectéy prestressing for all earthquakes, and the ef-
fect is irregular. For low level earthquakes a geheeduction may be seen, whereas for strong
seismic action often an increase occurs. The refulthe local unit damage differ strongly. No
correlation can be found. As to expect, the velrtastic compressive strain is very often
greater than for prestressed walls. For the londldamage similar irregularities occur as in the
static investigations. Moreover, it depends ondbserved time, whether the local unit damage is
higher for prestressing. In contrast, the global damage is always greater in case of prestress-
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ing. This can be very dangerous, since it may ledatittle collapse. Only a slight impact of the
means to model prestressing (forces or tendon#)eodamage parameters can be observed.

The probabilistic analyses confirm this impact ofgtressing of the previous static, cyclic and
dynamic simulations. Especially, for the compactiwahigh irregularity is observed concerning
the local unit damage. The probabilistic analysdiwetedamage probabilities, which express the
general lawfulness. Some exceptions may be posdibke functions depict higher probabilities
for high global unit damages in case of prestrgséee for instance Fig. 6-60). Thus, the deter-
ministic irregularities become more clear and it ¢&@ concluded, that in general not only the
local (see Appendix E), but also the global unit dgeis increased due to prestressing for com-
pact walls. The storey drift is not significantlffeadted by prestressing, since the curves show no
great differences (see Fig. 6-59). Concerning tttensive probabilistic analyses of wall 3, the
input parameters head magsand the scaling factofsa show the highest impacts. The matri-
ces of the different return periods are similar.sThigh impact osxa andpm increases with the
earthquake strength (return period). Moreoverait be seen that this impact Xa andpw is
reduced by prestressing. Besides, the prestrestitdluences the damage. It increases the unit
damage, but decreases the mortar damage and thaleqti plastic strain as for instance de-
picted in Fig. 6-63 and Fig. 6-69 in the middleisTgoes in line with the results of previous de-
terministic simulations. The stiffness of the fladab — which is simply modelled by a variable
Young’s Modulus for the concref&, — has a medium or small impact on some damage param
ters. However, it is the third most important pagesen for the storey drift. The greatéy, the
smaller the storey drift.

Finally, an existing building is investigated. ThewnHall 8 of iIBMB/MPA in Braunschweig is
braced by means of prestressed masonry shear iMadlanost important one is modelled, also a
non-prestressed version. The benefit of the stremitly measure becomes clear.
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7 Further measuresto attain a good seismic performance

This chapter discusses several further measureshteve a good seismic performance of ma-
sonry shear walls. During the investigation of tisefulness of vertical prestressing the author
added the following ideas. Some suggestions aegexklto the microscopic level, other to the
macroscopic level. The measures aim mainly on theasement of ductility as well as on stiff-
ness reduction, in order to make the masonry streahore flexible, ductile and to allow high
energy dissipation. This goes in line with a recarc®f unit damage, since it causes brittle fail-
ure and so ductility reduction. Stiffness reductamd increase of energy dissipation lead to a
reduction of horizontal forces in case of seisnaitom. The ideas are briefly discussed and partly
investigated with first simulations. Deeper reshasccecommended.

7.1 Discussion of further measures
7.1.1 Microscopic level - Reasonable material paramegkacsion for masonry

Regarding the failure mechanisms of masonry wallich are explained in Section 4.1.3, the
material parameters (listed in Section 4.1.4.2ukhtheoretically be selected as recommended
subsequently to reach an improved ductile behaviour

Concerning to poor shear behaviour, it is importanavoid diagonal cracking of the units, by
allowing a high degree of rotation of the units.sTeéan be reached due to:

e Many small units instead of few big units per wall

» Optimised width height ratio of the units (probahlgquare)
» Optimised overlapping (probably 25%)

» Soft mortar and thick bed joints

* Head joints should be unfilled

For poor in-plane bending — for which rocking ané trushing are usually the important col-
lapse mechanisms — successive failure and abriptefaf the corners (especially in case of
SC 2 and/or slender walls) occur. The following denpeasures should reduce these problems:

» Units with brittle behaviour like vertical coringibks should be avoid, instead ductile
units are suggested.

* Ahigh tensile strength of the mortar joins leagls thigher resistance against rocking.
(probably the impact is quite small)

In general:

* The tensile strength of the units should be highthedensile behaviour should be duc-
tile.

All these theoretical suggestions should still befied by deeper investigations and experimen-
tal tests.

7.1.2 Macroscopic level - Reasonable parameter selefiomnalls

Masonry walls should theoretically designed as s&tViin the following, in order to have a duc-
tile behaviour. Wall geometry and vertical loaddkwelastomer bearing and diverse ideas are
suggested and discussed.
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7.1.2.1 Wall geometry

Regarding the global design of the walls it is daly utile to have several slender walls instead
of one long compact shear wall. The reasons arél@luatking and sliding of slender walls. The
findings of previous chapters regarding the aspstad of walls indicate the usefulness of a de-
sign with several slender walls, instead of one gach wall as outlined in Fig. 7-1. In case of
low vertical load level, this leads to a higher @ity [Magenes, Calvi 1995]. As a result of in-
ternal vertical prestressing with ensured wall tanihteraction in early loading states, the shear
capacity and the ductility would be increased all (8ee Section 4.2.5). However, it is also to
ensure, that brittle toe crushing can be avoidedijrfstance to reasonable unit selection as ex-
plained in 7.1.1 or by elastomers (see 7.1.2.3).

[ ] 1 | ]

— ] — ]

Fig. 7-1: Separation, Left: Basic wall, Right: Waediparated into four slender walls

7.1.2.2 Vertical load level

As already explained in Section 4.2.2, the verticatl level can exceed balance points for shear
and bending behaviour. This point represents treskimid, on which the improvement achieves
the maximal out-of-plane bending or shear resigtaiitiis point is not the optimum, since it
goes already in line with diseconomy and increat@dages. Instead it is interesting to find an
optimum for the prestressing level, which minimibesh the unit and the mortar damage. In the
previous chapters, it is verified several times fh@stressing increases the unit damage, but
decreases the mortar damage. The objective fundgwalops oppositely. This requires a Pareto
optimisation. The program optiSLahgffers such an optimisation. A continuing inveatign of

this subject is suggested.

7.1.2.3 Elastomer bearing

To counteract toe crushing, which occurs especfalislender walls and/or SC 2 — it is recom-
mended to locate elastomer bearings under the |loamrers of the wall. This idea is already
illustrated in [Schermer 2004].

7.1.2.4 Miscellaneous ideas

» Areduction of the rotation due to tendons is @sssible, as shown in Chap. 6.

* Ductile behaviour is desirable in combination wifgh or medium shear capacities.
Probably, this can be reached by using a combimatialifferent failure modes. In prac-
tice, this could be done by a useful ratio of théobe mentioned measures to obtain a
ductile behaviour and a reasonable degree of atttads.

* Moreover, the tendons inside the wall can avoitide slown of the triangles which re-
sults due to diagonal cracking. So, a ductile behans ensured also in case of diagonal
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cracking as observed in experimental tests [Budeme al. 2004]. Thus, an internal
prestressing is recommended (see Section 4.2.5).

» Especially, bonded prestressing is suggested t@aelin immediate contact (interac-
tion) between wall and tendons in case of sliderddiuch space between is disadvan-
tageous as well as external prestressing.

7.2 Simulation of further measures

In addition to the theoretical reasoning of thegasged ideas, some measures are simulated in
this subchapter, in order to verify the theoriesooget an idea about their impact.

7.2.1 Division in slender walls as non-prestressed aedtpessed version

In this section, macroscopic-level measures arestigated by first numerical simulations. In
the sum, four different measures (variations) ofadl are modelled. In Fig. 7-2, an overview of
these four measures is outlined. The first is a @onhwall, without any macroscopic retrofitting
to change its seismic performance. The second jsaptestressed version of the first. Measure
three is also equal to the first, except the sejparanto slender sub-walls (no prestressing).
Measure four is a prestressed modification of ttixelt The prestress level of measure 2 and 4 is
equal. The investigated virtual walls have equaletisions of 4 m in height and 8 m in width.
Therefore, they could be bracing walls in industhialls.
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Fig. 7-2: Overview of the investigated measurest: Iddén-deformed, Right: Assumed de-
formation
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For the support conditions on the top SC 2 (freatian) is modelled, since it leads to less con-
vergence problems. In Fig. 7-2 on the right, theuased deformations are outlined as well. For
the non-prestressed measures 1 and 3, greatey shifteis to except. In case of prestressing

diagonal cracking would occur on the edge underpression. Regarding the prestressed ver-
sion, a bond of tendons is assumed, which ensudegtde behaviour of the prestressed walls.
The non-prestressed measures 1 and 3 show autallyaticuctile behaviour. For these investi-

gations the following material parameters are wsbith are also a results of parameter calibra-
tions for the prestressed shear wall tests in Brelwueig, however another calibrate combina-
tion is used here. This means, the presented Vistalh (measure 1 until 4) consists of the same
strong material than the experimental tested mrestd shear wall of Braunschweig [Budelmann
et al. 2004]. The material model of Lagomarsino &asnbarotta is used for the simulations.

Parameter Sym. Value Unit
Density p 1650 kg/m3
Young’s modulus of masonry E 5800 N/mm¢
Poisson's ratio n 0.15 -
Friction coefficient u = tang 0.436 -
Tensile strength mortar obm 0.87 N/mm?2
Shear strength of the mortar joints tmr 0.44 N/mm?2
Inelastic deformation parameter for mortar cmt 1.0 -
Softening coefficient mortar pm 0.3 -
Compressive strength of masonry cbr 17.17 N/mm?2
Shear strength of bricks thr 3.0 N/mm?2
Inelastic deformation parameter for bric cbn 1.0 -
Softening coefficient of the masonry Bb 0.4 -
Young's modulus of concrete Ec 29000 N/mmp
Rayleigh mass damping o 0.62 -
Rayleigh stiffness damping B 0.0003 -

Tab. 7-1: Used material parameter investigatiodiférent measures (Study C-KV3)

Previously, static simulations are carried outéb the characteristic load displacement curve of
each wall variation. The horizontal load displacatrgiagram of Fig. 7-3 shows the numerical
static results, which characterises the four défféloadbearing behaviours of the four measures.
Besides, the possibilities to model prestressiagfeices or tendons do not influence the behav-
iour of these walls, since in case of several tesdbis impact can be neglected, as already ob-
served for the bracing wall of Hall 8 and explaime&ection 6.4.
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Fig. 7-3: Static load displacement diagram for the four measures and means to model

prestressing
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Fig. 7-4: Time depended storey drift for the measure 1, 2, 3 and 4 subjected to the double

scaled Northridge earthquake of 1994

The walls are subjected to the Northridge earthquake, which occurred on the 17" of January in
1994. The epicenter was located 1 mile SSW of Northridge (20 miles WNW of LosAngeles, CA,
USA). It had a moment magnitude M,, of 6.7. Due to the very high shear resistance of the wall
and the low head mass, it was necessary to scale it by the factor two. The related scaled accel-
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erograms are given in Appendix F as well as desgyiparameters. The spectral acceleration
diagram is shown in Fig. 7-9.
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Fig. 7-5: Unit damage for the double scaled Nodipei earthquake, Left: Measure 1,
Right: Measure 2
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Fig. 7-6: Unit damage for the double scaled Nodiei earthquake, Left: Measure 3,
Right: Measure 4

0 —
.23397 111 223 334 5020 11 223 334 502
30 167 278 390 30 167 278 390

Fig. 7-7: Mortar damage for the double scaled Natge earthquake, Left: Measure 1,
Right: Measure 2

STER=353 STEP=354
SUB =46 SUB =21
.5

166
92

Fig. 7-8: Mortar damage for the double scaled Nattfe earthquake, Left: Measure 3,
Right: Measure 4
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Concerning the unit damage, the separation of ¢imepact wall (measure 1) into four slender
walls (measure 3) does not lead to very differeactk pattern, which can be observed in a com-
parison of Fig. 7-5 and Fig. 7-6 each on the Mfrely, on the corners of each slender wall ad-
ditional damage occurs. However, the main cracldlmnthe right of measure 1 (see Fig. 7-5 on
the left) is not significantly reduced due to pressing. Due to the separation, the mortar dam-
age is distributed over big parts of the wall (FigZ on the left), while the compact wall has only
a small global mortar damage on the bottom. As sarised in Tab. 7-2, the maximal storey
drift is highly increased due to the separation. e non-prestressed separation (measure 3),
the highest value for the storey drift occurs. dubles in comparison with the non-prestressed
compact wall (measure 1). Additionally, measuréndvss the highest maxima also regarding
local mortar damage.

In order to improve the shear resistance and deeri& drift, both wall types are investigated as
prestressed versions. Expectedly, the local andltiteal mortar damage are reduced, especially
for the compact wall (see Fig. 7-7 and Tab. 7-B).MReasure 4 the mortar damage is higher than
for measure 2. Prestressing leads additionally tedaiction of nearly 90% for the drift (see
Tab. 7-2) in case of the compact wall, while foe #eparated version a significant reduction is
not achieved.

M easure max |un el max apoc max o oc max " frl' Naturalf 1 Natural
equency f; period T,
[mm] [l [-] [%o] [Hz] [sec]
1 11.24 0.571 501.7] 0.26 12.81 0.078
2 With forces -0.89 0.568 148.3 0.38 12.80 0.078
3 22.96| 0.658 392.5 0.79 8.96 0.112
4 With tendons 19.6p 0.750 208.4 1.10 8.98 0.111

Tab. 7-2: Summarised damages for the different oreasand related natural modes

The significant increased unit damage for the peesed versions (measure 2 and 4) may be
easily seen, which is presented in Fig. 7-5 and Fi§ This goes in line with previous simula-
tion results and the literature. The mortar damaghown in Fig. 7-7 for measure 1 and 2, while
the damage for measure 3 and 4 is given in Fig.Th8 impact of prestressing is already known
and agrees with other results. The huge reducfitimeadrift for the compact wall is noteworthy.

Concerning the separation in several slender wallslamage reduction can be observed. This
worsening was not expected. The lowest drift, lazdat and mortar damage as well as equivalent
plastic strain occurs for measure 2 (see Tab. H@)vever, the global unit damage is increased
(see Fig. 7-5). Regarding expectable crack patymch load bearing behaviour the results are
plausible. The unexpected worsening of measured3lasan be caused by the application of the
same earthquake. The natural frequencies of thepacnand the separated structure differ sig-
nificantly, as listed in Tab. 7-2. In Fig. 7-9, ghdifference is also displayed as well as the conse
guences. The first natural frequency of the compaadt belongs to a low spectral acceleration,
while the separated wall drops nearly a peak ofspectra. Therefore, measure 2 and 4 are
higher loaded than the others. Consequently, thalteeof these earthquake simulations are not
really comparable. An earthquake has to be applitd equal spectral acceleration for both
natural periods of the structures, or differentlisgahas to be used. Deeper investigations are
necessary to judge on these suggested measures.
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Fig. 7-9: Spectral acceleration diagram of the Nidge earthquake and natural periods of
the structures

7.2.2 Unit type, masonry bond and unit size

In the following, some results of measures on theraacopic level are briefly presented. The
material model of Schlegel [Schlegel 2004] thatelsasn macro-modelling (see Section 4.3.3.3)
and meso-modelling using the material model of flemgo, Rots 1997] (see Section 4.3.3.1) are
applied to investigate the impact of different utyipes (width/height ratio), and so different
bonds. Both models are able to consider such sffétte constitutive models are already
checked in Section 6.1 by means of the experimeasdl results of wall J4D and J5D of the
Eindhoven shear wall tests [Vermeltfoort, Raijmake®93] that are already described in Sec-
tion 4.1.5.1. To receive more reliable results shedl J6D is used to control the numerical re-
sults. Thereafter, two virtual versions of wall J&h different unit types are additionally calcu-
lated to investigate its impact on the unit and tavodamage. Here, wall J6D is chosen in order
to investigate the unit damage better, since higketical forces lead to higher unit damage, as
shown in the previous chapters. The vertical logaif 120 kN in case of wall J6D was much
higher than for the walls J4D and J5D (30 kN). Af, the stone types (width/height ratio) of
200 x 50 as used in the experimental test of wgill, 200 x 100 and 200 x 150 are simulated.
The resulting bonds are outlined in Fig. 7-10.
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The used material parameters for both numerical models are given in Appendix H (Tab. H-4 and
Tab. H-5). The experimental load displacement curve is depicted in curve Fig. 4-15. A compari-
son with the two numerical modelling strategies is given in Fig. 7-11. A very well agreement of
both models becomes visible.
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Fig. 7-11: Horizontal load displacement diagram of wall J6D: Experimental versus numerical
results

This is aso confirmed regarding the experimental crack pattern in Fig. 4-16 on the left in com-
parison to the equivaent plastic strain (see Fig. 7-12 left) and the plastic activity displayed in
Fig. 7-13 on the left. The last presents the activation of yield criteria (see Section 4.3.3.3). Here,
light blue colours mean stone failure, while green, yellow and red express mortar failure. Also
the crack band width of the wall and the failure types are well computed.

After this well verification of the basic model using calibrated parameters, the impact of unit
type on the damage is investigated. In case of higher units (see Fig. 7-10 in the middle and on the
right), a higher mortar damage is to expect, while the important units should be less damaged.
The simulation results of both constitutive models confirm these predictions. The compact units
lead to less brick damage, while many cracks occur in the long units. This is demonstrated in
Fig. 7-14 by means of the coloured depicted plastic strain of the units due to meso-modelling and
by means of plastic activity (see Fig. 7-13). Here, macro-modelling predicts the activation of unit
failure criteria (F1 to F4) in many regions (light blue elements) as shown in Fig. 7-13 |eft. For the
picture in the middle and on the right, much less activations of unit failure criteria can be ob-
served. Instead more mortar failures occur (depicted by the yellow, red and green regions).

Moreover, the failure region (crack band width of the wall) becomes smaller in case of more
compact stones as displayed by the equivalent plastic strain in Fig. 7-12 as well as by the de-
formed shapes of meso-modelling in Fig. 7-14. In addition, thisis indicated by the plastic activ-
ity of Fig. 7-13.

It can be summarised that more compact stones should be more useful in case of seismic action,
since the unit damage is smaller and the ductility higher. Further, the mortar damage is increased
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that usually goes in line with well energy dissipat However, the shear capacity is decreased in
case of compact units.

002 .
.1005-02 004 L008 L0127

Fig. 7-12: Equivalent plastic strain (drift 3 mm) 8ghlegel model, Left 200 x 50, Middle:
200 x 100, Right: 200 x 150

[ NS Saaaaaa— |
0 1000 T110E+07 J111E+05
10 100000 L 100E+08 L111E+10

Fig. 7-13: Plastic activity (drift 3 mm) by Schlégeodel, Left 200 x 50, Middle: 200 x 100,
Right: 200 x 150

Fig. 7-14: Plastic unit strain (drift 3 mm) by mesmdelling, Left 200 x 50,
Middle: 200 x 100, Right: 200 x 150
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8 Application of therisk management methodology to evaluate different
measur es

The suggested risk management methodology of Chapapplied on the problematic of risk
reduction by means of vertical prestressing of mas case of seismic action. Several infor-
mations are already determined and collected imigus chapters. Finally, the different compo-
nents are compounded here.

8.1 Hazard analysis

In Section 3.6 the probability of earthquake loadis given for the example of the region of
Aachen. The results of probabilistic seismic hazardlysis PSHA by [Schmitt 2005] is a hazard
curve, which is displayed in Fig. 3-11.

If the whole curve is completely integrated in thebabilistic damage assessment, a huge
amount of earthquakes would be simulated on a lewyexcitation level, since small earth-
guakes have a high probability. Consequently, tesmsstructural simulations related to these
low excitation level, would not lead to damageswdwer, the computational effort increases
enormously. Moreover, very small probabilities ddownot used in the investigations
[Schmitt 2005], since a prediction of this rangevésy unreliable. A consideration of the whole
hazard curve is not reasonable. For this reasdp,return periods of 475, 2000 and 10000 years
are used in order to assess the damage and tagstiisk on base of such discrete investigation
regarding the hazard curve. The related probaislitif exceedance of the hazpgdH) regard-

ing chosen return periods are given in Tab. 3-4.

In each return period further scatter is inherét dccurring strength earthquake action. In ac-
cordance with [Rackwitz 2006] and [Hosser et aB&]9the response spectra scatter in a range
defined by a lognormal distribution with a standdaviation of 0.6 is used. For target spectra -
on the chosen discrete seismic load levels — @difearthquakes are generated (see Section 3.6
and Appendix B). The generation includes a smaiitec of seismic strength. To reach finally the
suggested standard deviation of 0.6, a scalin@fd&cb is still necessary to regard for the prob-
abilistic variation of earthquake action. The comess of the finally chosen PDFs for the scal-
ing factor to account for these uncertainties ipicted in earthquake spectra as demonstrated
e.g. in Fig. 3-12 Fig. 3-13. The dashed red linegiat the standard deviation of 0.6 and the re-
maining dashed curves represent the earthquakéidoa a factor of 0.5. Four different time
histories are generated on each chosen seismiddwad(return period). The strategy is illumi-
nated more in detail in Section 3.6.

8.2 Damage assessment

To express damage, reasonable damage parametersohbe defined firstly. The damage pa-
rameters used in this thesis are described in @edtB.4. A summary and the parameter nota-
tions are given in Tab. 6-9. The damage of seidoaded masonry walls is predicted by dy-
namic simulations. This damage assessment, whisbshan the generated accelerograms of the
hazard analysis, takes into account the uncerairdgf seismic loading in a manner described
above. An extensive probabilistic damage assessimararried out for wall 3 in order to esti-
mate risk on base of their results, which are esg@d by means of probability density functions
for the predicted damages and the related prokiabilin addition, uncertainties of material re-
sistance, support conditions, vertical loading #mel degree of prestress level are included as
well. The assumed scatter in terms of PDFs, théghitistic simulations and their results are
presented in Section 6.3.3 for wall 3, which igacng wall of a three storey tarraced house and
was investigated in static cyclic experimentaldésee Section 4.2.4.2). The test results are used
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for a model calibration (see Section 6.3.1). Thereafter, deterministic transient simulations on
base of the generated earthquakes of the hazard analysis are carried out (see Section 6.3.2.2). The
wall geometry, vertical loads, support conditions etc. are described in Section 4.2.4.2. In order to
analyse the impact of prestressing on damage and its probability, a non-prestressed and a
prestressed variation of wall 3 is computed. The results of the probabilistic analyses are pre-
sented in 6.3.3.2 and Appendix E. Resulting PDFs for the storey drift and the global unit damage
are exemplarily depicted in Fig. 8-1 and Fig. 8-2 for a return period of 10000 years. The deter-
ministic results have shown a small impact of prestressing on the drift (see Tab. 6-11, Tab. 6-12
and Tab. 6-13). This is confirmed by the PDFs, since they show only small differences. Not so
the global unit damage. Neither the deterministic simulation, nor the probabilistic ones show a
small impact. Instead the probability of great damages increases due to prestressing, while prob-
ability for small damages decreases significantly. For the mortar damage, prestressing effects the
opposite (see Appendix E).

0.30
non-prestr.
— prestr.
0.20 1
LL
£
0.10 1
0.00 T T T T T T T T T T T T
00 20 40 60 80 100 12.0 140 16.0 180 20.0 22.0 240
RP: 10000 Output: uhrel [mm]
Fig. 8-1: Probability density functions of the storey drift for areturn period of 10000 years for

wal 3
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Fig. 8-2: Probability density functions of the giblunit damage for a return period of
10000 years for wall 3

8.3 Risk calculation

As mentioned before numerous means to expressjlagcand compare risks already exist. In
this work, the focus lies on the structural riRk (see Section 2.2.2 and Appendix A), which ac-
counts for the physical damage excluding furtherseguences like repairing costs or victims. It
is clarified in Def. (2-6). In practice, the calatibn of risk entails several philosophical and
practical problems, of which only some can be itigated and solved in this contribution. First
of all, the probability of exceedance of the hazas¢H) — which expresses the occurrence of
earthquakes in this study — is taken into accosita result of the hazard analysis, the hazard
curve given in Fig. 3-11 and discrete values in. Ba#, provides the needed(H) for each of
the return periods, which are investigated.

The structural rislR; which accounts only for the physical damage ofdnecture is calculated
by means of the probability of exceedance of theatdpe(H) and the ‘damage probability’
pexL,R) due to resistance and load scatter as a restiteoprobabilistic damage analysis, as
shown in Eqg. (8-1). In this study, these analysesatt for the scattering of the resistance, e.qg.
several strengths, Young's Moduli and damping patans, as well as the variations in loading.
On the one hand, it is the level of prestressindy dgad load, here in terms of ‘head mass’. On
the other hand, the load intensity of an earthguakéch can scatter as well for each return pe-
riod. The last is considered by means of the scdfintbrsXsya and Ysa for the horizontal and
vertical acceleration histogram and different dorab (see Tab. 6-15, Tab. 6-16 and Tab. 6-17).

Ry = Pe,(H) [P, (L, R) [D Eq. (8-1)

The factorD represents the damage degree, which can be eegregseveral damage parame-
ters in different units.

Afterwards, the risk of the global unit damage xemaplary calculated for a return period of
10000 years. As stated out in Tab. 3-4, a proligluifiexceedance of the hazgxg(H) of 0.0001
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is related to this return period. Instead of tliedi PDF, the sampled histogram of the probabilis-
tic damage analysis is directly used to avoid ina&cy or errors inherent the fitting. The result-
ing distribution for the probability of exceedariseshown in Fig. 8-3 for the global unit damage
of the non-prestressed wall. Fig. 8-4 depicts tiodability of exceedance of the prestressed one.
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Fig. 8-3: Probability of exceedance of the glol@it damage for a return period of
10000 years without prestressing
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Fig. 8-4: Probability of exceedance of the glolat damage for a return period of
10000 years in case of prestressing

By means of this probability of exceedance and(84.), the risk is calculated for every interval
of the histograms. The yielding distributions foe ttisk are presented below. In Fig. 8-5 the risk
of global unit damage of the non-prestressed walkpicted, while Fig. 8-6 shows the unit dam-
age risk of the prestressed wall. The low risk valaee caused by the low probability of ex-
ceedance of the hazard for the return period o0Q@@ars, which amounts 0.0001, and the
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small values to express this average global umitadge. The number of nodes of the numerical
wall model is included there as quotient. Yielditgk distributions of further damage parameters

are given in Appendix G..
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Fig. 8-5: Risk distribution of the global unit dageafor a return period of 10000 years with-
out prestressing
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Fig. 8-6: Risk distribution of the global unit dageafor a return period of 10000 years in case
of prestressing

As an important finding, the calculated valuestaf tumulative risk can depend on the number
of histogram classes (also named number of intexv@ihe risk can decrease with the number of
intervals. This is mainly caused by the value of daenage class in the histogram, since the
mean value of the intervals — which is practicaldgd — changes with the interval width. Con-
sequently, an equal amount of intervals as welhtsval width is recommended for a reason-
able risk comparison. A standardisation would bsirdble. At least the information of used in-
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terval numbers and width is important for the deciamaker, to avoid wrong adjudications re-
garding comparisons of different calculations. Mmer, the number of samples of probabilistic
analyses and statistical outliers can influencectileulated values for the risk.

8.4 Risk reduction - Comparison of prestressed and non-prestressed walls

In Tab. 8-1 cumulative risk values are given fomsodamage parameters, exemplarily for the
lowest considered return period of 475 years amdhe greatest return period of 10000 years.
The single risk values of the discrete distribusideee e.g. Fig. 8-5) are simply summed. The
impact of prestressing is clearly demonstrated pgraentile risk reduction. For the global unit

damage a negative value results. Its meaning isa@ease of risk for the unit damage in case of
prestressing and seismic action. This goes invitle results of static and dynamic analyses. For
local and global mortar damage as well as for tpgévalent plastic strain and further damage
parameters, the risk is reduced by prestressing.i3 valid for all investigated return periods.

475 [a] 10000 [a]
Risk Risk re- Risk Risk re-
Par ameter Non-pre. Prestr. duction [%] Non-pre. Prestr. duction [%]
SRAT_glo [-] 6.92E-04 1.36E-03 -96.6 4.60E-05 7.GBE -52.92
EPEQ_loc[-]| 3.48E+00 9.34E-02 97.31 1.87E-01 4:82E 74.15
EPEQ_glo [-] 1.48E-01 2.86E-03 98.06 1.73E-02 2-08E 84.15
EQV [%o] 9.58E-02 2.44E-02 74.52 6.11E-03 9.40E-04 4.62

Tab. 8-1: Overview of risk values and risk compamifor global unit damage, local and
global mortar damage and equivalent plastic strain

85 Optimisation

In Section 7.1.2.2, an optimisation of the prestiesel is already discussed in order to minimise
the different damage parameters. This damage agtion would entail an optimal risk reduc-
tion, since the probability of high damages hasd¢@educed. For this problem, it is of interest to
find an optimum for the prestressing level, whicimimises both the unit and the mortar dam-
age. In previous chapters, it is repeatedly vetiffeat prestressing increases the unit damage, but
decreases the mortar damage. The objective fursctiemelop oppositely. This requires a Pareto
optimisation. The program optiSLah@ffers such optimisations. In this case, seveashale
parameters are included in the optimisation proeedu

Above, several risks for different damage paransedeg estimated separately (see Tab. 8-1). Itis
demonstrated, that for the intervention measuretitad prestressing’ e.g. the risk for the unit
damage is increased, while for the mortar damaigesignificantly reduced. Caused by the units
of the damage parameters and relations, only ss@bening is observed for the brick damage
(-52%), whereas the benefit for the mortar damaggeears to be more significant (84%) as
shown in Tab. 8-1. The user of such a risk basedtemt or the decision makers could deduce
that within an optimisation, main emphasis shoiddh the mortar damage due to its meaning-
ful values. However, from the physical point ofwi¢he unit damage is much more important,
since it can easily lead to brittle collapse. Thene it is better to accept high mortar damages
and great numbers for the values of mortar damiageaiso if it would go in line which a small
reduction of the brick damage risk.
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It is questionable, whether dealing with risk isgenable for such Pareto-based optimisations.
The risk for one damage parameter would increaske whe risk for another parameter would
decrease. An expression in terms of an overall vdkch includes all damage parameters, would
be necessary. However, such a mix can lead to wdeegsions, caused by incomparability of
some parameters. Or better expressed: They shotilwercompared.

8.6 Impact of prestressing on the loss

In Chap. 2 and Appendix A the differences betweatamiage’ and ‘loss’ are already explained in
detail. Consequently, ‘damage’ accounts only fer physical damage of the analysed structure.
As explained above, it is investigated extensialg precisely by means of advanced complex
transient probabilistic analyses with very high paational effort despite the well chosen effi-
cient material model which bases on macro-modellingthis manner, the structural risk was
assessed, which is sufficient to judge on the Uise$s of prestressing and to avoid the integra-
tion of inaccuracy, which inheres in loss assessnTém last is caused by the lack of knowledge,
the missing of well established accurate methodtetermine the losses as well as missed pro-
found databases. Another reason is the high dedragbjectivity. For all these reasons, a further
effort to estimate losses is neither reasonablenecessary in the framework of this thesis.

Despite all that, some statements concerning thEdmof prestressing on the loss can ingen-
iously derived on base of structural results. Dua wall-tendon interaction (see 4.2.5) prestress-
ing can increase besides the ductility. This redunat only the probability of collapse enor-
mously, but also the loss. The resulting numbédataiities is therefore reduced as well as costs
for business interruption etc. The loss reductiesgecially in combination with the decreased
probability entail a risk reduction, since bothttas to calculate risk decrease. In contrast, a
wrong application of prestressing (see Appendigdh lead to brittle collapse, which surely
causes higher losses and higher risks. Due topsalaeople cannot escape and the loss regard-
ing fatalities and injured person is very high. dstimation of fatalities is very difficult. How-
ever, in case of collapse, which avoids an esapeobability for instantaneous death of 0.3 up
to 0.5 is stated out in [Rackwitz 2006]. This daes include the fatalities on posterior data, e.g.
after rescue in hospitals.
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9 Synopsis
9.1 Summary

Conventiona design concepts base on relative simple strategies, which aim on collapse avoid-
ance and use rough methods to assess the structural behaviour. Partial damage is usually not
taken into account. In order to investigate the impact of vertical prestressing on seismic loaded
masonry in depth, the complex and innovative concept of risk management is applied in combi-
nation with advanced and detailed methods for the structural analysis, which alows an assess-
ment of partial damages. However, the definitions and understandings of terms within risk man-
agement spread in a wide range throughout the literature. Even for risk, diverse definitions can
be found. This lack of a harmonised concept and definitions is addressed by introducing a clear
risk management framework, which provides assistance in analysing, comparing and treating
disaster risk. Before the suggested risk management concept is exemplarily applied on an essen-
tial bracing wall of a three storey tarraced house in the region of Aachen, Germany, severa fur-
ther topics are investigated and components for this example are determined. First of all, signifi-
cant regquirements concerning the seismic performance of structures are introduced, which are
essentia for the investigation of strengthening measures in case of earthquakes. The hazard
analysis is the first component of the risk management chain, which is handled in this thesis. Its
result is a description of probability and variety of earthquake loading. It is regarded to the inten-
sity as well as to the variety of earthquake properties, as duration and frequency content. This
first component is the basis for a reasonable risk assessment, in which also the damage is as-
sessed in anext step.

The damage assessment is the main part of the thesis and therefore extensively and intensively
investigated. Experimental static cyclic tests of prestressed shear walls are an important base,
which are inter alia used to calibrate numerica models. Moreover, the reason for the well ductile
behaviour of the experimentally investigated prestressed walls is stated. Usually, high vertical
loading leads to brittle failure of masonry. Since high ductility is very important for seismic ac-
tion as below explained more in detail, vertical prestressing of masonry would consequently not
be useful. However, the tendons inside the tested walls are the reason for the observed well duc-
tile behaviour. The tendons get in contact with the wall during the horizontal loading, which
avoid slide down of the upper wall triangle. The wall-tendon interaction averts brittle failure. As
a further result of these findings, the practical details in application of vertical prestressing are
important for the degree of ductility. Consequently, external prestressing and internal tendons
without any contact lead to very low ductility, whereas a high one results for internal tendons
with full bond and internal tendons with contact during the horizontal loading. These findings
illuminate additional consequences, which are briefly given in the conclusion and are summa-
rised in more detail in Appendix .

Since, the shear capacity of masonry is significantly increased due to prestressing, its application
appears obvious to improve the seismic resistance. The high importance of ductility is already
mentioned in the previous paragraph and precisely explained in Section 3.7. Therefore, e.g. ex-
terna prestressing can be dangerous, since leading to brittle collapse. A damage based design is
also helpful for the subsequent distinction. In areas of low seismicity also an external prestress-
ing can be useful. The increase of shear capacity goes in line with an increase of the elastic
range, in which nearly no damage occurs. If it can be ensured that during the design life no
earthquake loading exceeds the shear capacity, brittle collapse is avoided and the damage is
highly reduced. By contrast, in regions of high seismicity these design strategy is not reasonable.
On the one hand, sufficient shear capacities cannot be obtained (at least not economicaly) for
very strong earthquakes. On the other hand, great elastic ranges lead to high lateral loads. Ductile
structures show a more intelligent behaviour, since the earthquake energy is dissipated and the
resulting horizontal forces are limited. However, the damage increases with ductility. External
prestressed masonry walls (or prestressed by similar means) fail brittle. Here, interna prestress-
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9 Synopsis

ing can decrease damages and avoid brittle collapse due to wall-tendon interaction. Whenever
prestressing avoids collapse, the loss is reduced as well (less fatalities etc.). Damage and loss
reductions entail risk reduction, since they are essentia factors to calculate risk. Furthermore, a
distinction of damage types is important. The numerical simulations show throughout a decrease
of mortar damage as well as severa plastic strains. However, the global unit damage increases.
Incidentally, the unit damage is identified as reason for brittle failure.

Fundamentals of numerical modelling strategies for masonry and plastic theory are given, which
are essentia to use three explained material models correctly and reasonably. Regarding transient
analyses, especialy in combination with probabilistic investigations the constitutive model of
Lagomarsino and Gambarotta [ Gambarotta and Lagomarsino 1997b] is most suitable and chosen
for such analyses. The capability of the material model is verified for prestressed static cyclic
loaded masonry walls. Its numerical results agree well with the experimental tests. The loadbear-
ing behaviour of al investigated walls is qualitatively and quantitatively well predicted. The
model is able to describe effects of strength and stiffness degradation as well as dissipation. Even
the different hysteretic behaviour of slender and compact wallsis very well simulated. Therefore,
it can be utilised for additional dynamic investigations.

Previously, the gap of missing experimental tests of non-prestressed reference shear walls re-
garding [Budelmann et all. 2004] is closed by corresponding simulations. The results are plausi-
ble. Comparisons of static loaded non-prestressed and prestressed versions of several walls show
throughout a reduction of the mortar damage, equivalent plastic strain, plastic shear strain and
vertical plastic tensile strain. The global unit damage is always increased in case of prestressing.
The impact of prestressing on the local unit damage is altering. Moreover, extensive static case
studies are performed to discover important influences. The assumption of a very high impor-
tance of the support conditions is confirmed. The existence of restoring forces due to tendons is
verified. They can be taken reasonably into account due to modelling of tendons, while a simple
reflection by means of external forces is not able to account for them. Significant differences in
the results are observed merely for compact walls with unsupported tops and two strands on the
edges.

With results of the parameter calibration that bases on experimental tests, the dynamic behaviour
is investigated numerically, by means of subjection a compact and a slender wall to artificial
generated earthquakes. The trends concerning the impact of prestressing from the static analyses
are confirmed by the majority of dynamic simulations. Some additional irregularities can be ob-
served. Different characteristics of diverse accelerograms can cause these alternations regarding
the impact of prestressing, especialy accounting for the different frequency contents of the
earthquakes and natural frequencies of the walls, which change during the earthquakes. The local
and global mortar damage is always reduced. Also the equivalent plastic strain, plastic shear
strain and vertical plastic tensile strain are reduced by prestressing for the most earthquakes. The
storey drift is not significantly affected by prestressing for all earthquakes, and the effect isir-
regular. For low level earthquakes a general reduction may be seen, whereas for strong seismic
action the drift of the prestressed wall is often greater. The results for the local unit damage differ
strongly.

The probabilistic analyses confirm this impact of prestressing of the previous static, cyclic and
dynamic simulations. Especialy, for the compact wall 1, high irregularity is observed concerning
the local unit damage. The probabilistic analyses deliver damage probabilities, which express the
general lawfulness. Thus, the deterministic irregularities become clearer and it can be concluded,
that in general not only the local, but also the global unit damage is increased due to prestressing.
The storey drift is not significantly affected by prestressing, since the PDFs show no great differ-
ences. Concerning the extensive probabilistic analyses of the small wall, the horizontal earth-
guake scaling factor X« and the head mass show the highest impacts. For the investigated walls,
the vertical earthquake scaling factor Yy is closely not relevant. The support conditions in terms
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of stiffness of the floor slab — simply modelled dyariable Young’s Modulus of the concr&e

— have a medium or small impact on some damagengdeas. However, it is the third most im-
portant parameter for the storey drift. The greBtethe smaller the storey drift. The correlation
matrices of the different return periods are similis high impact oX«, and head mass in-
creases with the earthquake strength. Moreovegrbemous impacts ofx« and head mass are
reduced by prestressing. Besides, the prestreskitdluences the damage. It increases the unit
damage and decreases the mortar damage as wedl egutivalent plastic strain.

This is confirmed by results of previous deterntinisimulations as well as with the calculated
risks. The observed impacts throughout all simaietigo in line not only with the risk distribu-
tion, but also with the cumulative risk values. @inthe enormous impact of the earthquake
loading - at least in case of high load levelsdamage reduction and so a risk reduction be-
comes more difficult by means of material improvetna prestressing, which is caused by their
small impacts. The results are confirmed by expenital tests and literature.

In addition to the original subject of this thessgveral further measures are suggested in
Chap. 7, which could improve the seismic perforneaocmasonry and reduce the unit damage.
They are discussed based on existing theoriesfimtahumerical investigations are briefly car-
ried out. The brick damage may be reduced due te emmpact units.

9.2 Conclusion

The probabilistic damage based design of risk mamagt was very helpful to judge on the use-
fulness of vertical prestressing. The advancednsite numerical investigation got a deeper
insight and exhibited several problems. The questibether the application of prestressing on
earthquake loaded masonry is useful, cannot beassvgenerally. It is to distinguish in several
cases depending on the structure, degree of seisxaitation, level of vertical loading and
means of practical execution of prestressing. Elations are summarised in Appendix I.

In case of seismic action, the wall-tendon intecachas a very important impact on collapse,
damage and loss. Since, high vertical loading aiss$ing wall-tendon interaction lead to brittle
collapse, prestressing can be dangerous. Thushekterestressing especially in case of high
prestressing degrees causes brittle failure, if leigrthquake intensities exceed the shear capac-
ity. For regions of high seismicity, a well ductbehaviour has to be ensured by means of further
measures, if external prestressing is applied riarmal one without sufficient contact). In re-
gions of low seismicity, the ductility is less impent, if a sufficient safety factor guarantees
lower horizontal loading than shear resistance. ifbeeased elastic range leads to lower dam-
ages up to activation of plasticity.

As an advantage, the mortar damage is always desiday prestressing in these investigations.
However, it is not as important as the unit damagdech is generally increased. The same trends
are valid for the related risks.

9.3 Outlook

The important impact of the support conditions .(édapr slabs) on the loadbearing behaviour
and on the damage is verified by static, dynamiwels as probabilistic analyses. Not only for
the experimental set-up of shear wall tests, ad fir a realistic numerical modelling of bracing
walls, deeper investigations are recommended. ls work, the dynamic results of the

prestressed masonry base only on one material mBg&nd simulations and/or experimental
tests are suggested to verify these theoreticaltses
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The observed high ductility of the shear wall tas¢ing internal prestressing [Budelmann et
al. 2004] can be explained with the suggested thebwall-tendon interaction. Due to the im-
portance of ductility in case of seismic action andcerning the usual brittle behaviour of verti-
cal highly loaded masonry walls, deeper investigatiare important, in order to improve and
ensure ductile behaviour. Since, prestressing ase® the unit damage, but decreases the mortar
damage, it is interesting to find an optimum fog hrestressing level, which minimises both the
unit and the mortar damage. The objective functieelop oppositely, which may be managed
by Pareto optimisation.

Different possibilities exist to calculate the risk base of probabilistic sampled databases. For
instance fitted probability density function can lmed or directly histograms with a different
number of intervals as well as different elemerdtis. Moreover, it can be expressed in several
further ways. Only two variations are suggested ased in this thesis, as distribution and as
single cumulative number. The impact of differealkcalation methods and types to express the
risk, on the comparison should be investigated nrodetail, in order to provide a basis for rea-
sonable risk comparison and standardised methods.

Especially, parameters on the microscopic levedr-irfstance the brick size — could be chosen
and optimised to reduce the brick damage, whicteames due to vertical prestressing. An addi-
tional intensive research and verifications conicgythe usefulness in case of seismic action, is
neither the aim, nor the purpose of this thesiswvéier, it is an interesting and promising topic

for further research work. Regarding, the presefeither measures of Chap. 7 more research
work is necessary to get a deeper insight.
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Appendix A

Appendix A: Risk Management Glossary

In this glossary regarding [Pliefke, Sperbeck, Wri2006] the most important terms Bisk
Managementare briefly defined in a chronological sequenogarding the concept, which is
shown in Fig. 2-9.

System:

The object of investigation for which all sourcesHz#zard are identified andRisk Analysids
being performed. Th8ystentan be composed by a single building or infrastmecelement, a
suburb of a city, a whole urban region or evenraireecountry.

Hazard:

A potentially adverse physical event, phenomenohuonan activity that may cause harm to the
predefined System. Harm can include injuryLossof life, propertyDamage cultural, social,
historical and economic disruption or environmendgradation.

Hazard Analysis:

Consists of three stepslazardidentification, determination of relevant inteysi¢évels and es-
timation of the corresponding probabilities of ocence in a predefined time period. Depending
on the size of th8ystemthe results may differ for eagtiement at Risk.

Element-at-Risk (EaR):

A single or a group of persons or objects withia flredefinedSystenthat are susceptible and
exposed to the impact oftdazard In order to guarantee a complete coverageEleinent at
Risk collectively should compose the entBgstenthat is being investigated. This will be re-
ferred to as the ‘principle of completeness’.

Exposure:

Inventory ofElement at Riskhat are subjected toHazard

Sructural Vulnerability (for each EaR and Hazard intensity):

Is a specific characteristic of &lementat Risk that indicates the susceptibility towattoks im-
pact of aHazard Thus,Structural Vulnerabilitylinks theHazard intensity to theDamageof an
Element at Risk

Damage (for each EaR and Hazard intensity):

Describes the physical, biological or chemical efien anElement at Riskaused by the impact
of a Hazard of a given intensity. Damage captures the maté@a and is not expressed in
monetary terms.
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System Vulnerability (for each EaR and Hazard intensity):

Is a specific characteristic of &lement at Riskwhich indicates the total potential oHazard

of a given intensity. Thu§ystem Vulnerabilitgssigns & ossvalue to each giveDamagestate
of an Element at Riskit is best described by a function that evalusbesConsequencesf a

certainDamagestate by taking into account the value of Blement at Riskself as well as its
designated functionality within th&ystem.

Consequences (for each EaR and Hazard intensity):

This term captures and quantifies the various aéveffects a natural disaster event of a certain
intensity may have on the differelBlement at Risk. Consequences be subdivided into Direct
andIndirect Consequences.

Direct Conseguences areDamageshat occur simultaneously to the time the disatstees place
or by immediate follow-on physical destruction suchfires. Therefore they can directly be re-
lated to the disaster itself.

Indirect Consequences in contrast usually occur with a time shift asault of theDirect Con-
sequencesThey can be interpreted as follow up costs theiltérom theElement at Riskeing
not able to carry out its designated functionaktthin the Systenafter the disaster has occurred.

Moreover,Direct as well asindirect Consequenceare to be further subdivided and classified
into economic, humanitarian, ecological and CSHitycal, social, historicalConsequencedue

to the measure that is in use for their quantificatAs it is possible to assign a monetary value
only to economicConsequencems a direct way, they will be referred to &gible. All other
classes o€onsequenceare termedntangible.

In the following severaDirect and indirect Consequencese outlined divided by consequence
classes:

Direct Consequences:

Economic: Adverse effects on capital stock resulting fronygbal Damageof economic
value carrying objects.

Humanitarian: Injuries and fatalities due to the Damage of disjec

Ecological: Ground, air and water pollution, contaminationtioé environment or other
devastating effects on ecosystems caused for cestaynreleases of toxic substances.

CSH: Adverse effects on capital stock resulting fronygpbal Damageof CSH value car-
rying objects.

Indirect Consequences:

Economic: Business interruption, wage losses, productionrdiome and other harms on
the economy in the long term.

Humanitarian: The spread of diseases resulting from the absensatiefactory hygiene
within the affected area, psychological post-disasffects.

Ecological: Penalties due to the violation of environmentgutation rules.

CSH: Adverse effects on the wellbeing of society résglfrom the abandonment of the
CSH value carrying object.

184



Appendix A

Loss (for each consequence class and Hazard intensity):

Subdivided by consequence class this term accuesu&tDirect and Indirect Consequencas
natural disaster of a certain intensity may havéhattime the disaster occurs. To quantify the
Loss the sum of alDirect and discountedhdirect Consequencdselonging to the considered
consequence class for edelement at Riskeing part of th&Systenmhas to be calculated. In this
connection the discounting of thedirect Consequenceis dependent on the time the conse-
guences occur and the consequence class spesifioudit factor that is in use. Then, by defini-
tion it can be distinguished between humanitag@onomic, ecological and CH®ss

Risk:
Risk can be expressed in two distinctive ways. pussibility is to express the Risk with respect

to the structuraDamageonly (here calledStructural Risk). The second way is to take also the
resultingLoss(here calledTotal Risk)) into account.

Sructural Risk:

The Structural Riskcan finally be calculated by taking the produdtthe annual probabilities of
occurrence and thBamagesboth given as functions of thazardintensity, and summing up
these products over aflazardintensity levels.

Structural Risk = Probability x Damad®amage measure / year]

Total Risk (for each consequence class):

For each consequence class ik can finally be calculated by taking the produdtshe an-
nual probabilities of occurrence and the losseth piven as functions of the Hazard intensity,
and summing up these products over all Hazard sitielevels.

Total Risk = Probability x Loss [Loss unit / year]

Consequently, th&otal Riskis split into the humanitarian, the economic, ¢eelogical and the
CSH risk.

Risk Review:

Due to the ever changing environment of Riskinfluencing variables the primary purpose of
this step is to constantly include all new inforroat knowledge and experience about Risk
and to perform &iskupdate, if necessary. It should be emphasisediie®isk Revievstep is
only being performed for already identifi@skswhich have run through theisk Assessment
andRisk Treatmenphase at least once. Consequently, in ddisk Reviewteration the effec-
tiveness of possibly performé&liskreduction interventions is indicated.

Risk Monitoring:

Accompanying all the steps of tfésk Managementhain theRisk Monitoringprocedure cap-
tures the exchange of information of all personively or passively involved or participating in
theRisk Managememirocess. It includes the constant awareness @ybnbeing endangered
by already identified as well as newly discovekaizards In this regard th&®isk Revievstep
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can be looked upon as a major sub discipline. Assalt of the monitoring procedure tRésk
evolution within the process over time is registiere

Risk Management:

Risk Managemens defined as the systematic application of mamege policies, procedures
and practices to the tasks of identifying, assessireating, communicating, reviewing and
monitoringRisk
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Appendix B: Data of artificial generated earthquake for probabilistic analyses
a) Return period of 475 years
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Appendix B

b) Return period of 2000 years

Over-| | creas-| Startof | Steady| Simula- | YNiform | Significant | Arias
No. _aII ing time | decreasing phase | tion stop Duration | Duration | Intensity|

time 7 Duo.15 Dsos Al

[s] [s] [s] [s] [s] [s] [s] [m/s]

1 10 1.5 6 4.5 8 5.5 6.4 0.2037
2 10 15 7 5.5 9 6.14 6.4 0.2165
3 10 15 8 6.5 9 6.4 7.4 0.2467
4 10 15 9 7.5 10 6.63 7.7 0.2507

Tab. B-1: Durations and Intensities of the generaterelerograms, return period of 2000 years
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Fig. B-5: Pseudo-velocity diagram, return perio®000 years
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Fig. B-6: Spectral acceleration diagram, returngaeof 2000 years
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Fig. B-8: Accelerogram No. 2 for a steady statesphaf 5.5 s
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Fig. B-10: Accelerogram No. 4 for a steady statasghof 7.5 s
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¢) Return period of 10000 years

Over-| |\ creas-| Startof | Steady| Simula- | Uniform | Significant | Arias
No. _aII ing time | decreasing phase| tion stop Duration | Duration | Intensity,
time 7 Duo.15 Dsos Al
[s] [s] [s] [s] [s] [s] [s] [m/s]

1 10 1.5 6 4.5 7.5 6.71 6.1 0.5801
2 10 15 7 5.5 9 7.06 6.5 0.5481
3 10 1.5 8 6.5 9 7.36 6.9 0.5911
4 10 1.5 9 7.5 10 7.86 8.1 0.6511

Tab. B-2: Durations and Intensities of the generaterelerograms, return period of 10000 years
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Appendix C
Appendix C: Data of artificial generated strong motion earthquake
Over- Increas- c?é?:rrtegt Steady Simula- Unifo_rm Signifi(_:ant Arias
No. 'all ing time| _ ing ) phase| tion stop Duration | Duration Inten- PGA
time Duo.1s Dsos sity Al
[m/s
[s] [s] [s] [s] [s] [s] [s] [m/s] | ]
1 10 1.5 3 2.5 55 8.29 5.91 1.94 4)31
2 10 1.5 5 3.5 6.5 8.25 5.86 2.27 3|76
3 10 1.5 6 45 7.5 8.89 6.90 245 3|50
4 10 1.5 7 5.5 8.5 8.41 6.85 2.38 3]95
5 10 1.5 8 6.5 9 8.7 6.92 221 440
6 10 1.5 9 75 10 8.82 7.62 258 417
7 10 1 9.5 8.5 10 8.61 8.12 2.44 450
Tab. C-1: Durations and Intensities of the generateelerograms
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Fig. C-1: Pseudo-velocity diagram

195



Appendix C

20 77
184 i

164

|
\
|
144
‘
|

124014

Sa [m/s?

+sigma
—— Aim Spectrum
-----sigma
— -T1 Wwalll
— Synth2.5
— Synth3.5
—— Synth4.5
— Synth5.5
Synth6.5
— Synth7.5
— Synth8.5
Synth4.5scal

04 06 08 10 12 14 16 18 20 22 24 26 28 30 32 36 38 40
Period [s]

Fig. C-2: Spectral acceleration diagram
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Appendix D

Appendix D: Rotation of thewall for SC 2 in dependency on tendon position
and senderness

SC2 SC2 and tendonsin the middle

[ Tendons [ [ External forces Tendons Middle [ [ ForcesMiddle
S0.5 0.5

h node righ h node le h node right h node Ipft odearight| h node lef} h node right h node |eft
h [mm] -0.07277¢ -2.979960 0.192405 -3.712p20 h [mm] -3.41809D 0.192126 -3.713960
Ah [mm] 2.90718¢4 3.904625 Ah[mm]  3.62801! 3.906086
rot [%] 0.11628 0.156145 rot [% 0.145121 0.156p43
Arot [%] 0.040 Arot [%] 0.011
S1 S1

h node righ h node le h node right h node Ipft odearight h node lef} h node right h node |eft
h [mm] -0.2697244 -4.040520 -0.018485 -4.317P10 h [mm] 0308234 -4.269150 -0.0202p0 -4.317890
Ah[mm]|  3.77079 4.299425 Ah[mm]  4.23191 4.2976¢0
rot [%] 0.15083. 0.171947 rot [% 0.169277 0.171p04
Arot [%] 0.021 Arot [%] 0.003
S2 S2

h node right h node le h node right h node Ipft oderightl h node lef] h node right h node |eft
h [mm] -2.545429 -5.531540 -2.458400 -5.650470 h [mm] 44209(Q -5.636400 -2.458310 -5.650480
Ah[mm]| 2.98612 3.191670 Ah[mm]  3.18931 3.192140
rot [%] 0.11944 0.127647 rot [% 0.127572 0.127p86
Arot [%] 0.008 Arot [%] 0.000
S3 S3

h node right h node le h node right h node Ipft oderightl h node lef] h node right h node |eft
h [mm] -5.00020p -7.185380 -4.948(J90 -7.259480 h [mm] 94846Q -7.249420 -4.9404p0 -7.259840
Ah[mm]| 2.18518 2.311390 Ah[mm]  2.30896 2.319380
rot [%] 0.08740 0.092496 rot [% 0.092358 0.092775
Arot [%] 0.005 Arot [%] 0.000

Tab. D-1: Rotation of the top of the wall for SGhZlependency on tendon position and slender-
ness, determined aR =5 mm
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Appendix E

Appendix E: Probabilistic resultsfor wall 1 and wall 3
Wall 1:

10.00

non-prestr.
— prestr.

9.00

8.00
7.00
6.00
5.00

PDF

4.00
3.00
2.00
1.00

OOO T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
RP: 475 Output: srat_loc [-]

Fig. E-1: Probability density function of local adiamage of wall 1, Green line: For the non-

prestressed wall, Blue line: For the prestressdt wa

Further PDFs are displayed in Chap. 6.
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Wall 3:
a) Return period of 475 years

The bar charts are displayed in Chap. 6.

0.50

non-prestr.
— prestr.

0.40

0.30

PDF

0.20

0.10

OOO T T T T T T T T T
00 20 40 6.0 80 100 12.0 140 16.0 18.0 20.0
RP: 475 Output: uhrel [mm]

Fig. E-2: Probability density function of storeyiftof wall 3, Green line: For the non-
prestressed wall, Blue line: For the prestressdt wa
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10.00

non-prestr.
9.00 1 — prestr.

8.00

7.00
6.00

PDF

5.00
4.00
3.00
2.00
1.00

000 T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
RP: 475 Output: srat_loc [-]

Fig. E-3: Probability density function of local adiamage of wall 3, Green line: For the non-
prestressed wall, Blue line: For the prestressdt wa

40.00

non-prestr.
35.00 — prestr.

30.00

25.00

20.00

PDF

15.00

10.00

5.00

0.00 \ 7 T T
0.0 0.1 0.2 0.3 0.4 0.5
RP: 475 Output: srat_glo [-]

Fig. E-4: Probability density function of globaliutdamage of wall 3, Green line: For the
non-prestressed wall, Blue line: For the prestieegs|
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0.100

non-prestr.
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0.050
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0.040
0.030
0.020
0.010+

0.000 \ \ \ \ \
0.0 50.0 100.0 150.0 200.0 250.0 300.0
RP: 475 Output: epeq_loc []

Fig. E-5: Probability density function of local ntar damage of wall 3, Green line: For the
non-prestressed wall, Blue line: For the prestieses|
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non-prestr.
— prestr.

3.000

2.500

2.000

PDF

1.500 1

1.000 1

0.500

0.000 \ \ \ ‘
0.0 5.0 10.0 15.0 20.0 25.0
RP: 475 Output: epeq_glo [-]

Fig. E-6: Probability density function of global nter damage of wall 3, Green line: For the
non-prestressed wall, Blue line: For the prestises|
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b) Return period of 2000 years

Appendix E
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g
E
SO INPUECnmpm qJer INPUT:}K&HS 1er INPLEhdamp 7
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E lNFE emod ]NPE' dens INPEZ dens
2
3 ]
Tr i dens ool ' EmodCon 1Tr bshea 7
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Parameter vs. OUTPUT: uhrel Parameter vs. OUTPUT: SRATIoc Parameter vs. OUTPUT: SRATglo_av
Fig. E-7: Linear correlation coefficients of themaprestressed wall, Left: For storey drift,
Middle: For local unit damage, Right: For globaitidamage
T — — T — T T T T — T T
ar INPUT% mtens ar INPUTJnumt ar INF‘UTJJural
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Parameter vs. OUTPUT: uhrel Parameter vs. OUTPUT: SRATIoc Parameter vs. OUTPUT: SRATglo_av

Fig. E-8: Linear correlation coefficients of theeptressed wall, Left: For storey drift, Middle:
For local unit damage, Right: For global unit damag
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T T T T T T T T T T T T T T T T T T
= lNPU‘!"jﬂamp 18F Impuk nuxy 18 wpm{ emod
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Parameter vs. OUTPUT: EPEQIoc Parameter vs. OUTPUT: EPEQgio_av Parameter vs. OUTPUT: EQV

Fig. E9: Linear correlation coefficients of the rprestressed wall, Left: For local mortar
damage, Middle: For mortar global damage, Right:deuivalent plastic strain
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m {
.- INFLE madCon 1+r m@ yskal 1ot INPUT: head]’xass 1
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. . | | . | . I | | . i
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Parameter vs. OUTPUT: EPEQgio_av Parameter vs. OUTPUT: EQV

Fig. E-10: Linear correlation coefficients of theeptressed wall, Left: For local mortar dam-
age, Middle: For mortar global damage, Right: Fauiealent plastic strain
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c¢) Return period of 10000 years

T T T T T T T T T T T T T T T T
=15 INPUT} nuxy el INPLH‘. fric 439+ INPUT} nuxy B
INPUT yskal INPUTH dens INPUTH dens
L INPUT[ dens 1=r INPUT] nuxy qer INPUT]VSKE[ 1
mp{ fric INPUIT:| bdamp [NPU‘E bdamp
5
B £
S INPYTH{ bdamp et INP@ durat el INPUT]mod 1
g
b=
5 N durat INPUT}M INPLE durat
]
A B
L INRUTH adamp = INPURSEmodCon 1*F INPU #imodCon 1
INEU‘I‘: HmodCon INEadamp INPHT adamp
~ INPUT: Headmass ~ INPUT: Headmass Sl INPUT xskal
INPUT xskal INPUT xskal INPUT: Headmass
L I L | L 1 L L 1 L L I
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Parameter vs. OUTPUT: uhrel Parameter vs, OUTPUT: SRATIoc Parameter vs. QUTPUT: SRATglo_av

Fig. E-11: Linear correlation coefficients of themprestressed wall, Left: For storey drift,
Middle: For local unit damage, Right: For globaitidamage
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Fig. E-12: Linear correlation coefficients of theegtressed wall, Left: For storey drift, Mid-
dle: For local unit damage, Right: For global wtdmage

Further bar charts are displayed in Chap. 6.
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Fig. E-13: Probability density function of localiudamage of wall 3, Green line: For the
non-prestressed wall, Blue line: For the prestieses|
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Fig. E-14: Probability density function of local nexr damage of wall 3, Green line: For the
non-prestressed wall, Blue line: For the prestieses|
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1 — prestr.
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Fig. E-15: Probability density function of globabntar damage of wall 3, Green line: For the

non-prestressed wall, Blue line: For the prestieses|

Further PDFs are displayed in Chap. 8.
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Appendix F

Appendix F: Description of the Northridge earthquake

Note, that for all subsequent information of thertNodge earthquake a scaling factor of two is
already included, as it is applied in the numersgalulations.

Parameter for the horizontal excitation:

Maximum Acceleration: 1.49368¢g

at time t=0.69sec

Maximum Velocity: 310.9823955mm/sec

at time t=0.665sec

Maximum Displacement: 186.47032019mm

at time t=9.55sec

Vmax / Amax: 208.19880798sec

Acceleration RMS: 0.15970125¢g

Velocity RMS: 42.66384422mm/sec

Displacement RMS: 95.98099515mm

Arias Intensity: 3.75522266m/sec

Characteristic Intensity (Ic): 0.19727761

Specific Energy Density: 17392.04543362mm2/sec
Cumulative Absolute Velocity (CAV): 0.6873982mm/sec
Acceleration Spectrum Intensity (ASI): 0.55966288zr*
Velocity Spectrum Intensity (VSI): 912.5725031mm
Sustained Maximum Acceleration (SMA): 0.71868g
Sustained Maximum Velocity (SMV): 126.599031mm/sec
Effective Design Acceleration (EDA): 1.10018673g
A95 parameter: 1.48994112g

Predominant Period (Tp): 0.14sec

Mean Period (Tm): 0.15175475sec

Parameter for the vertical excitation:

Maximum Acceleration: 0.76g

at time t=0.29sec

Maximum Velocity: 99.873648mm/sec

at time t=0.66sec

Maximum Displacement: 28.50754754mm

at time t=9.55sec

Vmax / Amax: 131.41269474sec

Acceleration RMS: 0.10070283g

Velocity RMS: 18.33186848mm/sec

Displacement RMS: 17.00118502mm

Arias Intensity: 1.49314806m/sec

Characteristic Intensity (Ic): 0.09878202

Specific Energy Density: 3211.02847596mm2/sec
Cumulative Absolute Velocity (CAV): 0.45758194mntdse
Acceleration Spectrum Intensity (ASI): 0.1456705&er
Velocity Spectrum Intensity (VSI): 310.34349462mm
Sustained Maximum Acceleration (SMA): 0.62g
Sustained Maximum Velocity (SMV): 71.506071mm/sec
Effective Design Acceleration (EDA): 0.22704249g
A95 parameter: 0.75809762g

Predominant Period (Tp): 0.02sec

Mean Period (Tm): 0.12830579sec
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Fig. F-1: Accelerogram, horizontal excitation

— Vertical component

CooooREE
PwoNORwO
|

-0.11"

Acceleration [g

Time [s]

Fig. F-2: Accelerogram, vertical excitation
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Appendix G: Risk estimation

In this appendix some risk distributions are présgnFor the different return periods, additional
diagrams may be found in Chap. 8.

a) Return period of 475 years:

0.003(

0.00257

0.0020-

0.0015+

Risk [mm/a]

0.0010

0.0005-

0.0000-

00 07 14 20 27 34 40 47 54 60 6.7 74 80 87
RP: 475 Output: uhrel [mm]

Fig. G-1: Risk distribution of the storey drift farreturn period of 475 years without prestressing
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0.0005-

0.0000-

0.0 20 44 6.8 9.2 116 140 16.4 18.8 21.1 235 259 28.3 30.7
RP: 475 Output: uhrel [mm]

Fig. G-2: Risk distribution of the storey drift farreturn period of 475 years with prestressing
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Fig. G-3: Risk distribution of the global unit dageafor a return period of 475 years without
prestressing
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Fig. G-4: Risk distribution of the global unit dageafor a return period of 475 years with
prestressing
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Fig. G-5: Risk distribution of the local mortar dage for a return period of 475 years without
prestressing
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Fig. G-6: Risk distribution of the local mortar dage for a return period of 475 years with
prestressing
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Fig. G-7: Risk distribution of the equivalent piasitrain for a return period of 475 years without
prestressing
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Fig. G-8: Risk distribution of the equivalent plasitrain for a return period of 475 years with
prestressing
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b) Return period of 10000 years
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Fig. G-9: Risk distribution of the local mortar dage for a return period of 10000 years without
prestressing
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Fig. G-10: Risk distribution of the local mortardage for a return period of 10000 years with
prestressing
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Fig. G-11: Risk distribution of the equivalent glasstrain for a return period of 10000 years
without prestressing
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Fig. G-12: Risk distribution of the equivalent flasstrain for a return period of 10000 years
with prestressing
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Appendix H: Material parameters

a) Material parameters for the Eindhoven walls 340 J5D

Prameter Sym. Value Unit
Bricks | Young's modulus E 16700 N/mm?
Poisson's ratio n 0.15 -
Tensile strength o f 1.50 N/mm?
Ultimate strain £ 0.013 | N/mm?
shear retention factor B 0.001 -
Joints | Linear normal stiffness D 82 N/mm3
Linear tangential stiffness D 36 N/mm3
Tensile strength o f 0.16 N/mm?
Fracture energy | Ie] 0.012 | Nmm/mm?
Cohesion c 0.224| N/mm?
Friction coefficient / angle tap/o | 0.75/36.6f - /e
Dilatancy coefficient / angle tan/y | 0.55/28.8 - /e
Residual friction coefficient / angle tan/ @ | 0.4/21.8 -1
Confining normal stress for psi0 oy -0.50 N/mm?
Exponential degradation coefficient S 4.50 N
Cap critical compressive strength o f 8.80 N/mm?
Shear traction control factor sC 9.00 -
Compressive fracture energy G 2.00 |Nmm/mm?
Equivalent plastic relative displacement  «, 0.093 | N/mm?
Fracture energy factor b 0.05 B
Tab. H-1: Material parameters of the meso-modettferEindhoven walls J4D and J5D
Parameter Sym. Value Unit
Young’s modulus of masonry E 3000 N/mmp?
Poisson's ratio n 0.15 -
Friction coefficient u = tang 0.75 -
Tensile strength mortar Gbm 0.25 N/mma2
Shear strength of the mortar joints Tor 0.57 N/mm?2
Inelastic deformation parameter for mortar x ¢ 1.0 -
Softening coefficient mortar Bm 0.4 -
Compressive strength of masonry Ghr 9.0 N/mmg2
Shear strength of bricks Tor 3.0 N/mm?2
Inelastic deformation parameter for brick . C 1.0 -
Softening coefficient of the masonry Bo 0.4 -

Tab. H-2: Material parameters of the Lagomarsinaehéor the Eindhoven walls J4D and J5D
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Parameter Sym. Value Unit
Young's modulus vertical E 2960 N/mm2
Young's modulus horizontal yE 2300 N/mm?2
Poisson's ratio n 0.15 -
Shear modulus G 1700 N/mmz2
Shear modulus el 1000 N/mmz2
Compressive strength masonry vertica mx | 8.8 N/mm?2
Compressive strength masonry horizontal fp, 3.0 N/mm?2
Tensile strength masonry vertical w | 0.16 N/mm?2
Tensile strength masonry horizontal y f | 05*1.5 N/mm?2
Friction angle / coefficient ¢o/tan ¢ 36.9 °/-
Cohesion c 0.224 N/mmg2

Residual friction angle / coefficient o/ tang, | 12/0.21 °/-
Dilatancy angle / coefficient y/tany | 28.8/0.55  °/-

Fracture energy MODE | vertical (joint) 15 0.012 | Nmm/mm
Fracture energy MODE | horizonal (unif) 0.08 Nmm/mm

Fracture energy MODE | e 0.075 | Nmm/mm
Fracture energy compression mG 2.0 Nmm/mmj
Equivalent length h 0.08 m
Residual Cohesion C 0.05 N/mm?2
Residual tensile strength o f 0.05 N/mm?2
Residual dilatancy angle / coefficient W 9/0.158 °/-

Tab. H-3: Material parameters of the Schlegel méatethe Eindhoven walls J4D and J5D
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b) Material parameters for the Eindhoven walls J6D

Prameter Sym. Value Unit
Bricks| Young's modulus E 16700 N/mm?
Poisson's ratio n 0.15 -
Tensile strength of 1.50 N/mm?
Ultimate strain £ 0.013 | N/mm?2
shear retention factor B 0.001 -
Joints| Linear normal stiffness D 110 N/mm3
Linear tangential stiffness nS) 50 N/mm3
Tensile strength of 0.16 N/mm?
Fracture energy | Ie] 0.012 |Nmm/mm?
Cohesion c 0.224| N/mm?
Friction coefficient / angle tam/o | 0.75/36.6f - /e
Dilatancy coefficient / angle tap/y | 0.55/28.8 - e
Residual friction coefficient / angle tav/® | 025114 | ~-/°
Confining normal stress for psi0 oy -1.20 N/mm?
Exponential degradation coefficient ) 4.50 -
Cap critical compressive strength o f 8.80 N/mm?
Shear traction control factor sC 9.00 N
Compressive fracture energy G 2.00 | Nmm/mm?
Equivalent plastic relative displacement  «, 0.093 | N/mm?
Fracture energy factor b 0.05 -

Tab. H-4: Material parameters of the meso-modeEfadhoven wall J6D
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Parameter Sym. Value Unit
Young's modulus vertical E 2960 N/mm2
Young's modulus horizontal yE 3500 N/mm?2
Poisson's ratio n 0.15 -
Shear modulus G 2000 N/mmz2
Shear modulus & 1233 N/mmz2
Compressive strength masonry vertica mx | 8.8 N/mm?2
Compressive strength masonry horizontal fp, 3.0 N/mm?2
Tensile strength masonry vertical w | 0.16 N/mm?2
Tensile strength masonry horizontal y f | 05*1.5 N/mm?2
Friction angle / coefficient ¢o/tan ¢ 36.9 °/-
Cohesion c 0.224 N/mmg2

Residual friction angle / coefficient o/ tang, | 12/0.21 °/-
Dilatancy angle / coefficient y/tany | 28.8/0.55  °/-

Fracture energy MODE | vertical (joint) 15 0.012 | Nmm/mm
Fracture energy MODE | horizonal (unif) 0.08 Nmm/mm

Fracture energy MODE | e 0.05 Nmm/mm
Fracture energy compression mG 2.0 Nmm/mmj
Equivalent length h 0.08 m
Residual Cohesion C 0.05 N/mm?2
Residual tensile strength o f 0.05 N/mm?2
Residual dilatancy angle / coefficient W 9/0.158 °/-

Tab. H-5: Material parameters of the Schlegel méateEindhoven wall J6D
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Appendix |: Suggestions for the practical application of prestressing on ma-
sonry

In the following some important facts and suggestiare briefly summarised, which should be
noticed regarding the practical application of iadtprestressing on masonry structures.

a) Unreasonable and dangerous application of gty

External prestressing, especially in case of higisgpessing degrees, leads usually to brittle fail-
ure, if high earthquake intensities exceed the rsbaacity. This is very dangerous. In order to
avoid this harm a high ductility of the masonrystures has to be ensured or sufficient safety
distance to the shear capacity. In particular éogl large-sized units, much unit damage is to
expect, since this do not allow a stone rotation.

b) Reasonable application of prestressing

In case of slender structures (e.g. towers) whatmakie like cantilevers, vertical local prestress-
ing may reduce the horizontal displacement anchearésulting damages. The bending behav-
iour of such structures can be improved by exteamal internal prestressing, if the strands are
placed near the edges. Thus, in the bending zoamfarcement effect works as well know for
reinforced and prestressed concrete cantilevergoddl example is the bell tower of Trignano
(see Section 4.2.6.6), where the prestressing éhtibn is combined with shape memory al-
loys.

c) Suggestions for the practical execution

The author suggests an internal prestressing vattd lor ‘sufficient contact’ between masonry

and strand to achieve a wall-tendon interactiolrigter to increase the ductility considerable.

Moreover, toe crushing is to avoid. Especiallyndier walls are endangered, since rocking oc-
curs mainly. This harm may be reduced due to efasts under the lower corners.

In conjunction with vertical prestressing, high quession and tensile strength of the units are
recommended to avoid stone cracking.

d) Stability

An increase of normal forces, can led to stabjitgblems. Especially in case of slender struc-
tures, this buckling is to take care in the desiglculation. Note, that bond or ‘sufficient contact
between strand and wall reduces stability proble@msequently, an external prestressing or
internal prestressing without any contact influenibackling negatively.

e) Time-dependent phenomena

Time-dependent phenomena such as creep, shrinkegsture expansion, and relaxation have
to be in mind, since they decrease the appliednesssng forces. A sufficient vertical prestress
level is to ensure over the whole design life.
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List of abbreviations

List of abbreviations

Abbreviations

ADRS - Acceleration displacement response spectra
Al - Areas intensity

ALARP - As low as reasonably practicable

bn - Billion

CFRP - Carbon-fibre-reinforced plastic

Chap. - Chapter

CSH - Cultural social historical

Def. - Definition

DG - Damage grade

DR - Damage ratio

e.g. - Exempli gratia (Latin: For example)
EaNR - Elements at non risk

EaR - Elements at Risk

Earthq. - Earthquake

EMPA - Swiss federal laboratories for material itggind research
EMS - European Macroseismic Scale

Est. - Estimated

etc. - Et cetera (Latin: And so forth)

Extr. temp. - Extreme temperature

FAR - Fatal accident rate

FEM - Finite element method

Fig. - Figure

F-N - Frequency-number

i.e. - Id est (Latin: That is)

iBMB - Institute of Building Materials, Concrete @struction and Fire Protection
ID - Interstorey drift

JMA - Japanese meteorological agency scale
LLE - Lost life expectancy

LQI - Life quality index

LR - Loss ratio

MDR - Mean damage ratio
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List of abbreviations

Mio. - Million

MMI - Modified Mercali Intensity scale
MPA - Materia testing institute
MSK - Medvedev Sponheuer Karnik scale
Nb - Number

No. - Number

non-prestr. - Non-prestressed
Num. - Numerical

P-D - Probability-Damage
p-waves - Body waves

PDF - Probability density function
PGA - Peak ground acceleration
PGD - Peak ground deformation
PGV - Peak ground velocity

Pos. - Position

prestr. - Prestressed

PSHA - Probabilistic seismic hazard analysis
PL - Probable loss

R.C. - Reinforced concrete

RF - Rossi Forel scale

rot - Rotation

s-waves - Surface waves

SC - Support condition

SD - Storey drift

SDOF - Single degree of freedom
SH - Surface horizontal wave

SL - Scenario loss

SMA - Shape memory aloy

SV - Surface vertical wave

SW - Shear Wall

Tab. - Table

Tot. - Totally

VSL - Vorspann System Losinger
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List of abbreviations

Latin symbols

2XPy - Sum of prestressing forces of two strands
(2xPy)y - Ultimate loading point

a - Seismic constant

A - Maximum recorded amplitude

Ao - Standard value of maximum recorded amplitude
A: - Rupture area

ay - Design ground acceleration

ams - Root mean square

As - Shear surface

b - Seismic constant

¢ - Cohesion

C. - Replacement construction costs

Con - Compressive compliance parameter

Cpt - Tangential compliance parameter

cq - Damping coefficient

cmn - Extensional inelastic compliance parameter
Cmt - Tangential inelastic compliance parameter
cr - Occurrence of cracks

C, - Repairing costs

d - Thickness

de - Elastic strain rate

deeps- Equivalent plastic strain rate

do - Stress rate

dZ - Plastic multiplier rate

dk - Scalar parameter adequate to the equivaleni@ktsain rate
D - Damage

Dpo.0s- Bracketed duration

Dmw - Internal compression force

Ds - Average amount of slip over the fault plane
Ds75- Significant duration (5% - 75%)

Dsos- Significant duration (5% - 95%)

Dy - Uniform distribution
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List of abbreviations

e- Mean life expectancy

E - Young’s modulus

E. - Young’s modulus for concrete

El - Flexural stiffness

F - Force

f - Arc rise

fc - Compressive strength

fi - Interface

Fi - Composite yield surface (failure criteria)
Fu(m) - Probability of occurrence for magnitude m
fmy- Compressive strength in y-direction

f - Tensile strength

g - Gravitational acceleration

G - Shear modulus

G+F - Dead loads and traffic loads

GAs - Shear stiffness

G- Fracture energy for compression failure
G'- Fracture energy

G - Fracture energy Mode Il (shear)

G - Plastic potential

Gs - Associated plastic potential

H - Hazard

h - Height

ho - Height

| - Moment of inertia

I - Characteristic intensity

Ie - Earthquake intensity

k - Constant for inverse Weibull distribution
K - Elastic stiffness matrix

Kwm - Elastic compliance matrix

ks - Stiffness of spring

L - Losses

lo - Length
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4Am, - Normalised out-of-plane bending capacity
m - Mass

M(aP) - Restoring moment

Mo - Seismic moment

m, - Body wave magnitude

Me - Energy magnitude

M. - Local/Richter magnitude
Mmax- Upper magnitude

Mmin - Lowest magnitude

Mg - Resistance moment

Ms - Surface wave magnitude

my, - Normalised bending capacity
M, - Ultimate moment

My - Moment magnitude

N - Normal forces

ny - Normalised normal forces

p - Vertical compression / initial loads
P - Vertical prestressing forces

p - Probability

pexH) - Probability of exceedance of hazard
R - Risk

R(a) - Toughness function

Rp - Structural risk

R_ - Total risk

4s- Shear capacity

S- Lateral forces

S, - Pseudospectral acceleration
Si - Spectral displacement

sy - normalised shear capacity

S, - Pseudospectral velocity

To - Total duration of the record
Tq - Duration

T, - Design working life

List of abbreviations
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List of abbreviations

Tr - Return period of event

u - Displacement

Uans - Absolute displacement

Ug - Ground displacement

Un rel - Storey drift

Ures - Relative displacement

V - Vulnerability

w - Constant for inverse Weibull distribution
w - Crack width

W - Wall

Xskal- Scaling factor for horizontal acceleration
Ym- Damage energy release rate

Yskal- Scaling factor for vertical acceleration

Greek symbols
o - Mass damping coefficient

ap - Brick damage variable / unit damage
aploc- LOcal unit damage

o, - Distance of bed joints

om - Mortar damage variable

asy - Distance of head joints

p - Stiffness damping coefficient

f - Softening Parameter

Pa.mw- Masonry compressive strength
y - Sliding

4 - Epicentral distance of seismometer
¢ - Strain, extension

&% - Elastic strain

& - Plastic strain

s”'eq- Equivalent plastic strain

a”'y,t - Vertical plastic tensile strain

6 - Wall end rotation

x - Hardening or softening scalar
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Jm - Annual rate of exceedance
¢ - Modal damping

n - Poisson’s ratio

- Friction coefficient

p - Density

pm - Head mass

o - Stress

oo - Compressive strength
7 - Shear stress

o - Shear strength

¢ - Friction angle

¥ - Dilatancy angle

o - Natural frequency

oji - Natural frequency for vibration mode i

wmy- Abbreviation in hardening/softening function

Q - Hardening/softening function

List of abbreviations
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