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SUMMARY

Seismically triggered landslides represent one of the most devastating collateral hazards
associated with earthquakes, as they may result in significant direct and indirect losses
to the population and built environment. Predicting the expected degree of damage to
affected built structures subjected to earthquake-induced landslides is thus important for
design, urban planning, and for seismic and landslide risk assessment and mitigation

studies.

Stemming from the general lack of comprehensive methodologies to assess building
vulnerability to slides as well as the inherent uncertainties associated with them, one of
the most significant challenges of the present research is the proposition and
quantification of a new analytical methodology to estimate the physical vulnerability of
reinforced concrete (RC) frame buildings subjected to earthquake triggered slow-moving
slides. According to the suggested method, the damage caused by a slow moving slide on
a single building is attributed to the cumulative permanent (absolute or differential)
displacement and it is concentrated within the unstable or moving area. A RC building
located next to the crown of a potential unstable slope, is subjected to forced differential
displacement and subsequently to structural distress and damage. In terms of numerical
computations, a two-step uncoupled analysis is performed. In the first step, the
differential permanent deformation demand at the building’s foundation level is estimated
using a dynamic non-linear finite difference slope-foundation model. To enhance the
reliability of the dynamic analysis results, the computed permanent displacements at the
slope area are compared with Newmark-type displacement methods. In the second step,
the calculated differential permanent displacements are statically imposed at the
building’s nonlinear finite element model at the foundation level to assess the building’s
response to differing permanent seismic ground displacements. Structural limit states are
defined in terms of threshold values of strains for the reinforced concrete structural
components. Various sets of probabilistic fragility curves are proposed both in terms of
peak ground acceleration (PGA) and permanent ground displacement (PGD) based on the

suggested methodological framework, via an extensive parametric investigation and



sensitivity analysis of various slope geometries, soil properties and distances of the
building with respect to the slope’s crown. The slope inclination in conjunction with the
slope soil material are proved to be the most influential features on the vulnerability of
the building exposed to the seismically induced landslide. The slope height may also
greatly influence the building’s fragility for sand steep slope configurations. The
developed curves might be used by scientists and practitioners for efficient
implementation within a probabilistic risk assessment framework from site specific to
local scales. To gain confidence on the proposed methodological framework and the
respective fragility functions, representative fragility curves developed in this study are

compared with literature ones and recorded building damages from real past events.

Traditionally, the structural vulnerability implicitly refers to the intact, as-built structure
assuming an optimum plan of maintenance. However, structures deteriorate due to
various time-dependent mechanisms after they are put into service, without always
subjected to the necessary interventions during their lifetime. These issues are becoming
even more crucial in presence of natural hazards striking the structure, such as landslides
and/or earthquakes. To bridge this gap, the proposed approach is also extended to
account for the evolution of building vulnerability over time by proposing time-dependent
fragility curves for RC buildings exposed to the earthquake -induced landslide hazard. In
particular, the progressive aging of typical RC buildings due to exposure to aggressive
corrosive environment was investigated by including probabilistic models of corrosion
deterioration of the RC elements within the vulnerability modeling framework. It is shown

that the fragility of the structures may increase over time due to corrosion.
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CHAPTER 1

Introduction

1.1 Motivation and objectives of the research

Landslides triggered by earthquakes represent a major threat to the population and the
built environment in most mountainous and hilly regions of the world. Marano et al.
(2010) observed that landslides are both the most abundant and the most deadly
secondary effect of earthquakes, being responsible for 71.1% of the non-shaking deaths.
For instance, the 2008 Wenchuan earthquake in China is estimated to have triggered
more than 15000 landslides of various types covering an area of 50,000 km?, causing
approximately 20,000 fatalities and tremendous economic losses (Yin et al., 2009).
Therefore, there is an increasing requirement for effective evaluation, management and

mitigation of the risk associated with earthquake-induced landslides.

In any landslide risk assessment study, the focus is on the asset, i.e., the element at risk
that may suffer damage from a harmful landslide and not on the single slope or the
mapping unit where landslides can occur. As a consequence, to determine landslide risk
information on slope failures and their expected evolution, which is generally the product
of a hazard or susceptibility assessment study, is necessary but not enough. The
landslide risk estimation also requires information regarding the type, spatial and

temporal distribution and vulnerability of the elements at risk in the study area.

Although Quantitative Risk Assessment (QRA) procedures are well established for
earthquakes and river floods hazards, in the case of landslides, QRA methodologies have
been developed only recently and they are far from being routinely used by the scientific
and technical community. The main reason for this is that several key components of risk
are uncertain and/or difficult to obtain (Corominas and Mavrouli, 2011b). Among them,
the quantitative evaluation of the vulnerability of the exposed elements is affected by a
great deal of uncertainty due to its multifaceted and dynamic nature that constraints its
assessment in an objective way and makes its integration into the risk equation, a

challenge.
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In this context, the main goal of this thesis is to propose and quantify an innovative
analytical methodology to assess the vulnerability of reinforced concrete buildings
subjected to earthquake-induced slow-moving slides. Various sets of probabilistic fragility
curves are proposed that might be used by scientists and practitioners for efficient
implementation within a probabilistic risk assessment framework from site specific to
local scales. The method is verified through the comparison of representative suggested

curves with reference literature curves and real event damage data.

Traditionally, seismic and landslide vulnerability assessment studies implicitly refer to the
intact, as-built structure assuming an optimum plan of maintenance. Nevertheless, the
real, dynamic vulnerability modeling of structures due to landslides may be significantly
affected by aging considerations, anthropogenic actions, cumulative damage from past
landslide events and retrofitting measures. To bridge this gap, the proposed approach is
also extended to account for the evolution of building vulnerability over time by
proposing time-dependent fragility curves for RC buildings exposed to earthquake -

induced landslide hazard.
Partial objectives and associated results are summarized as follows:

- Identification of the basic categories in which the earthquake triggered landslides are

classified as well as the key parameters affecting seismic slope stability
- Critical review of methods to assess earthquake induced landslide hazards

- Literature review of existing quantitative methodologies to assess building

vulnerability to slides

- Description on the methods to derive fragility curves, on the selection of appropriate
intensity measures for different landslide types, on the extent and mechanisms of
building damage to slow-moving slides and on the definition of structural and non-

structural damage/limit states

- Proposition and quantification of an innovative procedure to assess the vulnerability
of reinforced concrete (RC) structures due to earthquake induced slow-moving slides
based on an uncoupled numerical modeling approach and adequate statistical

analysis

- Comparison of the computed numerical results derived from the proposed approach,
in terms of permanent horizontal displacement, with Newmark-type displacement-

based methods

- Development of various sets of fragility curves accounting for different building
typologies, slope configurations and soil conditions through an extensive parametric

investigation and sensitivity analysis
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- Validation of the developed method via comparison of the suggested fragility curves
with literature ones derived from different approaches i.e. empirical, expert

judgment and analytical.

- Correlations of representative fragility curves proposed in this research for buildings
located on the top of topographic features subjected to earthquake induced slides to
respective curves for buildings on horizontally layered soil deposits subjected to

ground shaking.

- Reliability assessment of the method through comparison of the developed fragility
functions to the damage data on typical buildings recorded in two real case histories:

Kato Achaia slope in Peloponnese -Greece and the Corniglio village-Italy case study

- Development of more realistic fragility curves for a typical building in Corniglio
village. Validation of the curves through comparison of the predicted damage by the
curves to the corresponding damage observed for the measured level of

displacement.

- Broadening of the developed methodological framework to account for the evolution
trends of building vulnerability to earthquake induced landslide hazard over time-

Proposition of time-dependent fragility functions.

1.2 Outline of the Thesis

This thesis is organized into nine chapters with the following contents:

In the present chapter (Chapter 1) the motivation and main goals that aspire to fulfill

this thesis are presented. The organization of the remaining chapters is following.

In Chapter 2 an overview on landslides triggered by earthquakes is presented. First, a
summary of some of the most pronounced, from an engineering point of view, seismically
induced landslides experienced worldwide and in Greece is provided. Furthermore,
particular effort is devoted in identifying the basic categories in which the earthquake
triggered landslides are classified as well as the key parameters affecting seismic slope
stability. The Chapter ends with the description of different methods to assess
earthquake induced landslide hazards that vary from simplified empirical or semi-
empirical methods (e.g. pseudo-static analyses, Newmark- type displacement models) to
more sophisticated numerical approaches. The importance of estimating the extent of
permanent ground deformation along the sliding surface of the slope that may govern its
serviceability level after an earthquake and cause structural distress and damage to

affected buildings and infrastructures is emphasized.
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In Chapter 3 a critical review of existing quantitative methodologies to assess building
vulnerability to slides is presented. Various concepts and aspects of physical vulnerability
to slides are discussed and analyzed regarding the development of fragility curves, the
selection of appropriate intensity measures for different landslide types, the extent and
mechanisms of building damage to slow-moving slides and the definition of structural
and non-structural damage/limit states. The general lack of methods to quantify the
physical vulnerability of structures to slides based on analytical relationships and

numerical analysis is highlighted.

Chapter 4 focuses on the proposition and quantification of an analytical procedure to
assess the vulnerability of reinforced concrete (RC) structures due to earthquake induced
slow-moving slides. Vulnerability is expressed in terms of probabilistic fragility curves,
which describe the probability (P;) of exceeding each limit state (LS;) of a RC building
located next to the crest of the potentially unstable slope, versus the landslide intensity
measure e.g. peak ground acceleration at the assumed “seismic bedrock” or permanent
ground/foundation displacement at the slope area, allowing for the quantification of
various sources of uncertainty. The proposed methodological framework is described with
a simplified case study. In terms of numerical computations, a two-step uncoupled
analysis is performed. In the first step, the deformation demand, i.e. total and differential
displacements considering the actual weight and stiffness of the building and its
foundation, due to the landslide hazard is assessed using an adequate non-linear finite
difference dynamic slope model. In the second step, the building response to the
statically imposed landslide differential displacement is estimated using a Finite Element
code. Modeling issues and associated assumptions concerning both analysis steps are
addressed in full detail. Two alternative analytical procedures amenable to estimate the
parameters of fragility functions are presented and compared to stress the influence of

epistemic uncertainty on the fragility analysis.

In Chapter 5 three different Newmark-type displacement models are presented and
compared, namely the conventional analytical Newmark rigid block, the Rathje and
Antonakos (2011) decoupled and Bray and Travasarou (2007) coupled model, to assess
their relative predictive capability in estimating the expected slope displacements for
certain earthquake scenarios. Then, to enhance the reliability and robustness of the
computed numerical results derived from the non-linear dynamic analysis (Chapter 4),
they are compared, in terms of permanent horizontal displacements, with the
corresponding predicted displacements from the three Newmark-type models for the
step-like slope configurations and soil conditions presented in Chapter 4 in the absence of

any structure near its crest.
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In Chapter 6 different sets of fragility functions for a variety of RC building typologies,
soil conditions and slope configurations are proposed, based on the analytical method
described in Chapter 4, with potential application from site specific to local/regional
scales. To this aim, an extensive parametric study is performed by considering different
idealized finite slope geometries, soil geological settings and distances of the structure to
the slope’s crest. The effect of the various analyzed features on the structural
performance is investigated, highlighting trends on the building’s behavior to the
permanent co-seismic slope deformations. Generic fragility curves as a function of PGA at
the outcrop and PGD at the slope area that could be used for several practical
applications are then suggested based on the parameters that are proved to most
significantly affect the structure’s vulnerability. Moreover, a sensitivity analysis is
conducted to gain insight into the influential role of various additional parameters,
namely the water table level, the consideration of a strain softening landslide material,
the flexibility of the foundation system, the number of bays and storeys of the building

and the code design level on the structure’s fragility.

Chapter 7 aims at verifying the validity of the proposed methodology (Chapter 4) and of
the respective fragility curves (Chapter 6). It is divided into three main parts. In the first
part, the reliability and accuracy of the proposed methodology (Chapter 4) is assessed
through the comparison of representative proposed fragility curves (Chapter 6) with
corresponding literature curves derived by different approaches (empirical, expert
judgment, analytical). The second part provides approximate correlations between the
fragility curves suggested in this research for RC buildings subjected to co-seismic
permanent slope displacement and literature ones derived for low-rise RC buildings on
horizontally layered soil deposits subjected to ground shaking. Overall, the comparisons
allow gaining further insight into the relative extent of damage and the associated
prevailing damage mechanisms for structures impacted by co-seismic slope deformation
and ground shaking respectively. In the third part, the reliability and applicability of the
proposed methodological framework and the corresponding fragility curves is also
assessed through its application to two real case histories: Kato Achaia slope in
Peloponnese -Greece and the Corniglio village-Italy case study. In particular, the
recorded damage data on typical buildings is compared with the corresponding damage
predicted by the developed fragility functions. In addition, to enhance the effective
implementation of the proposed methodological framework within a probabilistic risk
assessment study, more realistic fragility curves are constructed for a representative
building in Corniglio village based on straightforward numerical computations. The curves
were validated through their direct comparison with the observed building damage data

for the measured level of displacement.
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In Chapter 8 the proposed methodological framework (Chapter 4) is extended to
account for the evolution trends of building vulnerability to earthquake induced landslide
hazard over time. In particular, the aging of typical RC buildings is considered by
including probabilistic models of corrosion deterioration of the RC elements within the
vulnerability modeling framework. Two potential adverse corrosion scenarios are
examined: chloride and carbonation induced corrosion of the steel reinforcement. An
application of the proposed methodology to reference low-rise RC buildings exposed to
the combined effect of seismically induced landslide differential displacements and
reinforcement corrosion is provided. Both buildings with stiff and flexible foundation
system standing near the crest of a potentially precarious soil slope are examined. The
method results to the construction of time-dependent fragility curves/surfaces as a
function of PGA at the seismic bedrock or PGD at the slope area for both chloride and

carbonation induced deterioration scenarios.

Chapter 9 summarizes the main findings and contributions of the work.

Recommendations for future research are also provided.

1.3 Evidence of originality of the Thesis

The work’s main originality principally lies in the following points:

- To the author’s knowledge, this is the first time that a comprehensive analytical
method to assess the vulnerability of RC buildings subjected to earthquake

induced slow-moving slides is proposed.

- Furthermore, an unusually extensive set of numerical computations is performed
to estimate vulnerability for a variety of RC building typologies, soil conditions and
slope configurations. These computations provide insight into the influential role

of the various analyzed features on the structure’s fragility.

- It's also the first time that fragility curves for RC buildings exposed to earthquake
induced slow-moving landslides are proposed. Such curves allow for an efficient
quantitative estimation of vulnerability within a probabilistic risk assessment

framework from site specific to local/regional scales.

- The validation of the method and of the corresponding fragility curves with high-
quality, recoded damage and displacement data and the proposition of more
realistic fragility curves for a representative building in Corniglio village, based on
straightforward numerical computations, offer a substantial and original

contribution to scientific research in the quantitative risk assessment field.
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- Finally, the dynamic nature of vulnerability has been traditionally neglected in any
vulnerability assessment study. A major contribution and novelty of the present
work is thus the expansion of the proposed method to account for the evolution of
building's vulnerability over time exposed to the combined effect of earthquake -
induced landslide and aging. Preliminary time -dependent fragility curves for
different damage states are analytically evaluated at different points in time,

considering different structural deterioration scenarios.
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CHAPTER 2

Landslides triggered by earthquakes

2.1 Introduction

The destructive impact of earthquakes can be greatly enhanced by the induced triggering
of landslides during or after the shaking (Bommer and Rodriguez, 2002). Strong
earthquakes can potentially trigger landslides that can induce catastrophic losses in
terms of human lives and infrastructure damage. Marano et al. (2010) observed that
landslides are both the most abundant and the most deadly earthquake-induced
secondary effect, being responsible for 71.1% of the non-shaking deaths (see Fig. 2.1).
According to Wen et al. (2004), around 20% of the registered landslides are triggered by
earthquakes. In particular, China is the country characterized by significant casualties
associated to slides triggered by earthquakes (Huang and Li, 2011) and many seismic
active countries around the world present records of slope failures causing tremendous
damages and casualties. Therefore, there is an urgent need for efficient landslide hazard,

vulnerability and risk assessment and management at different scales.

Undifferentiated

Tsunami

Figure 2.1. Non-shaking earthquake fatalities for all deadly earthquakes between September 1968
and June 2008, with deaths from the 2004 Sumatra event removed (source: Marano et al., 2010)
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2.1.1 Worldwide destructive earthquake induced landslides

Earthquake induced landslides have been documented from at least as early as 1789 BC
in China (Hansen and Franks, 1991) and 372 BC in Greece (Seed, 1968). Geographic
Information Systems (GIS) and remote sensing have significantly improved the ability to
map earthquake-induced landslides. Various earthquake triggered slides have been
mapped and analyzed in California, Taiwan, Japan, Italy and elsewhere. With the aid of
the GIS incorporating various models (geotechnical parameters, geology, hydrology,
digital elevation model (DEM), land use, lithology, seismic parameters), analyses of the
landslide susceptibility, hazard and risk in local, regional and national scales have been
performed in a deterministic or probabilistic sense. The implementation of GIS tool in the
landslide susceptibility, hazard and risk zoning at different scales is discussed among
others by Wang et al. (2008), Van Westen et al. (2008), Hasegawa et al. (2009) and
Miles and Keefer (2009).

Some of the most pronounced recently occurred seismically induced landslides worldwide

that present particular interest from an engineering viewpoint are briefly outlined below.

The 13th January 2001 El Salvador earthquake (Mw=7.7) caused widespread damage
to buildings and infrastructure due to ground shaking and earthquake-induced ground
failures, including several large-scale landslides. The most tragic among them and one of
the most destructive landslides ever recorded was the Las Colinas landslide (Fig. 2.2),
occurred on the steep northern flank of the Balsamo Ridge, involving a total volume of
about 180,000 m? of stratified volcanic deposits (Crosta et al., 2005). Once triggered, the
landslide developed into a flowslide, traveling northward an abnormally long distance of
about 700 m into the Las Colinas neighborhood of Santa Tecla. It covered hundreds of

residential houses, resulting in about 500 casualties (Konagai et al., 2009).
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The 23th October 2004 Niigata—-Ken Chuetsu earthquake (Mw=6.8) in Japan caused
more than 4000 slope failures within the area about 200 km North of the city of Tokyo.
Among the great number of slope failures during the 2004 earthquake, 282 ground
failures exceeded 10* m® and 10 exceeded 10° m® in terms of the affected areas. The
Higashi-Takezawa landslide (Fig. 2.3) activated by the earthquake was a large-scale
rapid landslide involved a soil volume of about 1,200,000 m? (Kokusho and Ishizawa,
2005). The landslide mass filled a valley and stopped a river flow forming a large natural
reservoir. One part of the sliding mass spread across the road and hit a school (Fig. 2.4).
The surprisingly large (100m) and rapid runoff of the soil mass motivated several
researchers (Tsukamoto and Ishihara, 2005; Sassa et al., 2005; Kokusho et al., 2009) to
study the Higashi- Takezawa landslide, providing different interpretations of the sliding

process.

AT
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Figure 2.3. General view of the Higashi Takezawa landslide and the head scarp of past landslide
(Sassa et al., 2005)
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Figure 2.4. School building hit by the landslide mass (Sassa, 2005)
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Except for the destructive impact of the Higashi-Takezawa landslide, many other slope
failures induced significant direct and indirect losses to the built environment as a result
of the 2004 Niigata-Ken Chuetsu earthquake. For instance, a large number of houses
were affected by the slope instability at the Takamachi housing complex in southeast
Nagaoka City triggered by the earthquake. In particular, fill slopes around the complex
underwent significant deformation resulting to extensive ground cracks and to the
complete collapse of four slopes. Ohtsuka et al. (2009) analyzed the correlation among
fill thickness, ground cracks and damage to houses. They found that most of the
damaged houses were distributed throughout the fill area. Moreover, they revealed a
strong correlation between the damage to houses and the observed ground cracks,
indicating that many houses were suffered structural damage due to differential
settlement and lateral deformation. Figure 2.5(a) shows an example of a house that
sustained severe damage due to uneven settlement and lateral displacement of its
foundation system. Figure 2.5(b) illustrates the differential settlement of a periphery
road in the fill area whereas Figure 2.5(c) shows a house at the edge of the main scarp

of a fill slope that suffered significant damage.

Figure 2.5. (a) Damage to houses as a result of ground deformation (b) Differential settlement of
periphery road (c) Slope failure of valley fill (Ohtsuka et al., 2009)
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The 21st September 1999 Chi-Chi Taiwan earthquake (M =7.3, My=7.6) caused
severe damage including more than 11,000 casualties and over US$11.8 billion capital
lost (4% of Taiwan’s GNP). After the earthquake, over 20,000 landslides totaling
approximately 113 km? had occurred in an area of 2400 km? in central Taiwan. More
than 90% of the landslides were smaller than 0.01 km? in scale, and most were shallow
debris slides, although a few being large and deep-seated (Lin et al., 2003). Figure 2.6
shows representative slope failures resulting to severe damage to a building and the road
network respectively. The Jiufengershan landslide (Fig. 2.7) was one of the major
large and deep-seated landslides triggered by the earthquake (Shou and Wang, 2003).
The slide affected weathered, jointed rock and soil materials, which slide along the
bedding plane, generating a catastrophic rockslide-avalanche. The avalanche which
created a debris deposit with maximum thickness of 110 m dammed two small rivers and
created three small lakes located upstream, resulting to 39 casualties (Chang et al.,
2005).

Figure 2.6. Damage to the built environment as a result of the 1999 Chi-Chi Taiwan earthquake
induced landslides

{ = B

Figure 2.7. General view of the Jiufengershan landslide (Dong et al., 2007)
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The 8" October 2005 Kashmir earthquake in Pakistan caused severe damage to the
infrastructure and to the landscape including approximately 80,000 fatalities (Schneider,
2008). The earthquake triggered thousands of landslides throughout the region in an
area of 7500 km?, causing approximately 1000 fatalities, destroying roads, and
disrupting communications. These were mainly rock falls and debris falls, although
translational rock and debris slides also occurred (Owen et al., 2008). The largest
landslide associated with the earthquake was the 68x10° m® Hattian Bala rock
avalanche (Fig. 2.8) that destroyed a village. The reported death toll varies greatly; it is
estimated to be a few hundreds to around 1000 people (Dunning et al., 2007; Schneider,
2008).

Figure 2.8. View to the source of the Hattian Bala rock avalanche (Dana Hill) from the high point
of the dam crest (Dunning et al., 2007).

On May 12, 2008, the catastrophic Ms 8.0 Wenchuan earthquake occurred in east
Sichuan Province of China, causing more than 69000 casualties and extensive structural
damage to the built environment. It was the strongest earthquake and the most costly
natural disaster recognized to be occurred in China in the past 100 years. The
earthquake triggered more than 15,000 geohazards in the form of earthslides, rockfalls
and debris flows which resulted in about 20,000 deaths. Among the landslides activated
by the earthquake, the Chengxi landslide (Fig. 2.9), which is located at the west side of
the Beichuan County Town, is the most severe one; the landslide was characterized by
its high speed and long runout (considering air-cushion effect) and involved a volume of
around 2 million m3. It buried a large portion of the southwest part of the old Beichuan
resulting to 1,600 fatalities and significant economic losses (Yin et al., 2009).
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-

Destroyed by sliding mass

Figure 2.9. Oblique aerial view (a) and vertical air photo (b) of the Chengxi landslide in Beichuan
(Yin et al., 2009)

The 23 November 1980 Ms =6.9 Irpinia earthquake in Southern Italy remobilized
numerous mass movements. Among them, one of the most pronounced was the
reactivation of the Calitri landslide, which was repeatedly reactivated by earthquakes
since 1694. The landslide destroyed or seriously damaged over 100 houses and caused
the death of 7 people. The town of Calitri in Irpinia (Southern Italy) located at the top of
an approximately EW-trending hilly relief on the left bank of the Ofanto river, was
severely damage by the landslide. Figures 2.10 a, b, ¢ and d present damages to
buildings and infrastructures in the town due to the landslide. The highest measured
vertical displacement was reported to be equal to over 4 m and caused the sinking of a
house; at the end of the sinking, the roof of the building lay at the same elevation as the
road (Martino and Scarascia Mugnozza, 2005). The event, although not so devastating as

the previous ones, presents particular interest for the European context.
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Figure 2.10. Calitri landslide activation in 1980, producing damage: on the Francesco De Sanctis
main street (a), on the Torre street (b), along the landslide scarp at the Giacomo Matteotti main
street (c), on the Garibaldi main street (d) (Martino and Scarascia Mugnozza, 2005)

2.1.2 Experience from earthquake induced landslides in Greece

In Europe, there are few and not well documented cases of earthquake induced
landslides. Most of them are concentrated on the Mediterranean region (Greece and
Italy). Papadopoulos and Plessa (2000) compiled a data set of 47 earthquake-induced
landslides occurring in Greece from AD 1650 to 1995 and examined their distribution.
The spatial distribution indicates landslides occurrence almost everywhere in Greece with
the exception of the north Greek mainland, which is likely due to the low occurrence
frequency of large earthquakes. Moreover, they examine the landslide distribution in
relation to various earthquake parameters (earthquake magnitude, epicentral distance)
and compare their result with those obtained by other authors for other seismotectonic

regions of the world (Keefer, 1984; Ambraseys, 1988).

Some examples of landslides triggered by seismic events occurring in Greece over the
last two decades as well as their consequences to the built environment are presented

hereafter.

The June 1995 Aegion earthquake (Ms=6.2) caused significant destruction, including
human losses, structural damage, liquefaction and ground ruptures. The earthquake also
triggered numerous landslides accompanied by debris flows and block rotations (Fig.
2.11). Reconstruction of the pre-earthquake topographic profiles along the main axis of
the landslides indicates that the failure zones extended to a maximum depth of 6 to 10m
within the loose alluvial deposits which cover the seabed. Post-earthquake landslides
occurred for ground slopes as low as 12.0 %, corresponding to a static factor of safety of
2.0. At almost all sites, ground failures were triggered by excess pore pressure build up
in very thin liquefied silty sand layers, with average thickness between 0.24 and 0.36m
(Bouckovalas et al., 1995).
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Figure 2.11. 3D perspective of a typical earthquake-induced landslide at Eratini Gulf
(Bouckovalas et al., 1995)

The 7 September 1999 Athens earthquake (Ms=5.9) was one of the most damaging
events of the modern history of Greece (Bouckovalas and Kouretsis, 2001) causing the
death of 143 people (Papadopoulos et al., 2000, Pavlides et al., 2002). Significant
structural damage was noted, particularly in the area to the West of Athens. However,
from the geotechnical point of view, the earthquake is not remembered for any
spectacular ground failure. Ground damage, such as small-scale fissures and cracks as
well as very local landslides, was observed in only a few spots. Ground fissures 5-10 cm
wide and rockfalls of the order of 103 m? affected an area less than 1 km? in Agios
Kyprianos monastery (Fig. 2.12). Cracks 5 cm wide and 5-6 cm deep were observed at
Kleiston convent (Moni Kleiston), while similar cracks were observed close to the cable
car station on Parnitha Mountain. A few local landslides of length 20-30 m also were

reported in the same area (Fokaefs and Papadopoulos, 2007).

Figure 2.12. Rockfalls in Agios Kyprianos (Fokaefs and Papadopoulos, 2007)
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The 14 August 2003 Lefkada earthquake (Mw=6.2), due to the very steep morphology
of the region, triggered a large number of landslides; the vast majority of them on the
island road network can be categorized as rock falls, rock slides, and disrupted slides,
with volume ranging from several cm?® to some (5 to 10) m°. Landslides were detected on
both natural and cut slopes, as well as on downstream road embankment slopes. The
slides were mainly observed at the central and northern part of the island, as well as in
the steep western coastal zone along the road joining the town of Lefkada with
Tsoukalades, Agios Nikitas, Kathisma, Kalamitsi, Chortata, Dragano and Komilio (Fig.
2.13). The steep morphology of the west coast, observed at the Ionian Islands, due to
the active tectonism of the area, and the highly fractured rock mass played an important
role in the appearance of such phenomena. The most characteristic rockfalls, with
diameters up to 4 m, were observed along the 6 km long road of Tsoukalades-Agios
Nikitas, which was very close to the epicentral area (EERI, 2003). In Table 2.1 a detailed
list of sites and villages with remarkable ground failures is presented (Pavlides et al.,
2004).

Figure 2.13. Rockfalls due to detachment and possible overturn at the Agios Nikitas (left); Cars
were buried under landslides near the same area (right)

After the 8 January 2006 Kythira earthquake (M=6.9) a number of landslides,
rockfalls and rock slidings were detected on natural slopes, which resulted in cutting off
parts of the road network and caused significant damage (fractures) of the road surface,
and in some cases, local failure of road embankments. The largest landslides and
rockfalls took place at Mitata village and its surroundings. Plan and side view of this

natural slope landslide is shown in Figure 2.14.
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Table 2.1. Detailed list of sites and villages with remarkable ground failures (Pavlides et al., 2004)

Id NAME LATDD | LONGDD | REMARKS

1. NIKIANA 38.7745 | 20.7229 | ROCK FALLS

2. LYGIA 38.7873 | 20.7210 | LIQUEFACTION —settlement

3. | AMMOGLOSSA | 38.845 20.714 | LIQUEFACTION- Settlement, mud ejection
4. BRIDGE 38.839 20.711 | GROUND CRACKS

5. PARKING 38.8315 | 20.7080 | LIQUEFACTION — mud ejection

6. PORT 38.8320 | 20.7086 | LIQUEFACTION

7. PORT 38.8327 | 20.7103 | LIQUEFACTION — Settlement

8. PORT 38.8342 | 20.7119 | Settlement — ROAD

9. PORT 38.8350 | 20.7119 | Settlement — PIER

10. PORT 38.8355 | 20.7096 | Settlement

11. TSOUKALADES | 38.8179 | 20.6413 | ROCK FALLS

12. KARYA 38.76 20.645 | ROCK FALLS

13. KAVALLOS 38.7918 | 20.6540 | ROAD CRACKS

14.. ASPROGERAKAS | 38.8028 | 20.6340 | SLIDE

15.. ASPROGERAKAS | 38.7909 | 20.6505 | ROCK FALLS

16. DRIMONAS 38.7877 | 20.6352 | ROCK FALLS

17. KALAMITSI 38.7704 | 20.6171 | SLIDE

18. AGNIKITAS 38.7898 | 20.6150 | ROCK FALLS

19. PEFKOULIA 38.8035 | 20.6310 | LIQUEFACTION — Sand crater

20. NYDRI 38.7115 | 20.7173 | LIQUEFACTION —Sand boils

21. NYDRI 38.7079 | 20.7122 | LIQUEFACTION

22, BASILIKI 38.6272 | 20.6069 | LIQUEFACTION

23. BASILIKI 38.6255 | 20.6066 | LIQUEFACTION -Settlement

24. BASILIKI 38.629 20.60 LIQUEFACTION — Mud Volcanoes
25, AG.PETROS 38.6825 | 20.5968 | SLIDE — ROCK FALL

26 TSELIGAS 38.6285 | 20.5617 | SLIDE OVER EGREMNOI BEACH

Figure 2.14. Plan (left) and side (right)

7t

view of the natural slope landslide at the main square of
Mitata village (Karakostas et al., 2006)

The slope movements (rockfalls, disrupted slides etc) associated with the 8 June 2008

NW Peloponnese earthquake (Mw=6.4) were spread over a wide area. The epicentral

area was mainly affected by rockfalls along the steep slopes of the very impressive

Scollis mountain, which caused damages on roads and houses around Santoneri (Fig.

2.15) and Portes village. The road network was affected in many areas, either by failures
or rockfalls (Chatzipetros et al., 2008).
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Figure 2.15. Santomeri village: location of the detached rock block that toppled (left) - the rock
block itself (volume 6 to 7 cubic meters) that caused severe structural damage at one of the
houses of the village (right) (Margaris et al., 2008)

2.2 Landslide classification and mechanisms

2.2.1 General classification of earthquake induced landslides

The term “landslide” describes a wide variety of ground processes that result in the
downward and outward movements of slope-forming materials, including rock, soil,
artificial filling, or a combination of these. Landslide classification is a very complex topic
oriented by research purpose. Although the impact of a given landslide type is not
always predictable, the class of landslide does present an indication of the type of
movement and its destructive potential (Glade and Crozier, 2005). Starting from the
work of Varnes (1978), Cruden and Varnes (1996) proposed a taxonomic classification of
landslides which considers, in addition to the movement mechanism at the initial stage of
motion, the material, the state of activity and the rate of movement (Fig. 2.16).
However, they do not distinguish between the different triggering landslide mechanisms.
In a pioneering study, Keefer (1984; 2002), based on the principles and terminology by
Varnes (1978), classified the earthquake triggered landslides into three main categories
on the basis of type of material, landslide movement, degree of internal disruption of the

landslide mass and geologic environment (see Tab. 2.2):

Category I: Disrupted Landslides, which occur fast and at high inclinations (>35°) in

discontinuous rock masses or weakly cemented materials.

Category II: Coherent Landslides either in rock or soil with deep slip weakened surfaces
or with a relatively broad distributed shear zone, reported for inclinations >15°
Category III: Lateral Spreads and flows slides, associated to liquefaction in granular
materials; if residual strengths are lower than static shear stresses, flow slides can

develop at very low inclinations.

Keefer (1984) studied the landslides triggered by 40 historic earthquakes globally with

magnitudes varying from 5.2 to 9.2 and found that the frequency of the seismically
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induced landslides increases with increasing earthquake magnitudes. Three types of
disrupted landslides - i.e. rock falls, disrupted soil slides, and rock slides - were found to
be the most abundant, comprising about 80 percent of the earthquake induced landslides
as reported in Keefer (2002). Rodriguez and co-workers (Rodriguez et al., 1999), after
studying the landslides that occurred after 36 earthquakes worldwide, summarized the
typical geometric characteristics of some of the most common slide categories (Table

2.3) including ranges of depth to the slip surface and the geometry of the slide in terms

of the aspect ratio and the shape of the slip surface.
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Table 2.2. (Continued) - Characteristics of earthquake-induced landslides (Keefer, 2002)
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Table 2.3. Geometric characteristics of earthquake-induced landslides (Rodriguez et al., 1999).

Shde type

Shde depth {m)

Slide shape factor (d/L)*

Slip surface shape

Rock falls
Disrupted rock slides

Coherent rock slides

Dismupted soil slides

Coherent soil slides

Soil spreads and flows

3—-3. depending on
discontinuities spacing
(No representative data)

20-350, given by geological
features, such as weakness zones

3-100, depending on geological
setting

6—-50, apparently dependent on
ground shaking

6—40. depending on the ground
shaking

0.15. only one data reported
(No representative data)

0.08-0.10, apparent
relationship with ground
shaking

0.005-0.3, apparently
dependent on ground shaking

0.04—0.3, apparently dependent
on ground shaking
0.007-0.20, depending on
geological setting

Planar on outward dipping
discontinuities

Predominantly planar, but
other shapes were also reported
Circular or planar on outward
dipping discontinuities

Predominantly complex
mechanism (rotational—
translational). single
mechanisms commonly planar
Circular

Predominantly planar, some
circular cases also reported

* (d/L = depth/length ratio)

2.2.2 Parameters affecting seismic slope stability

Many factors may influence the seismic stability of slopes and the characteristics of the
landslides induced by earthquakes. Among these, the most important parameters

affecting seismic slope stability are:
¢ physical, mechanical and dynamic properties of the ground;
e geometry of the slope
e characteristics of shaking primarily related to M, R, PGA, local soil conditions and

topographic effects.

2.2.2.1. Ground Properties

According to Keefer (2002), geomaterials most susceptible to earthquake-induced

landslides are:

(1) Weakly cemented, weathered, sheared, intensely fractured, or closely jointed rocks,
(2) Better-indurated rocks having prominent discontinuities,

(3) Sandy residual or colluvial soils,

(4) Saturated volcanic soils containing sensitive clay,

(5) Loess,

(6) Cemented soils,

(7) Granular deltaic sediments,

(8) Granular flood-plain alluvium, and

(9) Uncompacted, or poorly compacted, granular artificial fill

Data on the involved geomaterials may be derived from previously published documents
such as geologic maps, field reconnaissance survey, laboratory tests and in situ

monitoring.
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Under the influence of earthquake loading, inertial forces and pore pressure build-up may
contribute to increased shear stresses and reduced shear strength along the potential
sliding mass leading to instability and/or permanent deformations. Soils that exhibit
significant reduction of shear strength due to cyclic loading are loose soils and soils with
particles that are weakly bonded into loose structures. Saturated soft cohesionless soils
may liquefy under cyclic loading, lose temporaly all strength, and behave as viscous
fluids.

The presence of pre-existing shear zones and the degree of brittleness is particularly
important in determining the potential of a landslide mass (Hutchinson, 1995).
Considering that the brittleness on preexisting shears is generally low or zero, the

reactivation of landslide movement on such shears is usually slow.

Groundwater when present may play a definite role as well. In Italy, Wasowski et al.
(2002) observed that during the Irpinia earthquake (1980) the change in the
groundwater condition (seismically induced pore-water pressure rise) was a major

controlling parameter in the spatial landslide distribution.

Shear strain softening of soil materials, which can be related in its effectiveness to the
number of (equivalent uniform) excitation cycles N, result to the degradation of the
stiffness and strength properties of the soils: it may be considered as one of the major
causes of most of the slides induced by earthquakes (Ishihara, 1996). If landslide
materials display strain-softening behavior, their kinetic energy can reach catastrophic
proportions and long runout distances (Leroueil et al., 1996). In these materials, a
progressive failure can occur owing to a reduction of strength with increasing strain.
Progressive failure involves non-uniform straining of brittle materials resulting in a
nonuniform mobilisation of the shear strength along the potential slip surface (Bjerrum
1967; Troncone, 2005). General failure of the slope usually takes place before the
residual strength has developed everywhere along the sliding mass. Thus, the average
strength of the mass at failure is less than the peak strength of the soil and greater than
the residual one (Dounias, 1988; Troncone, 2005; Conte et al., 2010; Kourkoulis et al.,
2010).

Knowledge of the effect of rate of displacement on the residual strength is important
when studying the kinematics of a potential sliding mass. Three types of variation of the
fast residual strength with an increasing rate of displacement have been identified (Tika
et al., 1996): (a) neutral rate effect—soils showing a constant residual strength
irrespective of the rate of displacement; (b) negative rate effect—soils showing a
significant drop in strength when sheared at rates higher than a critical value; and (c)
positive rate effect—soils showing an increase in residual strength above the slowly

(static) drained residual value at increasing rates of displacement. Soils with small clay
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fractions (sands and soils with PI<10%) have shown neutral rate effect. In soils of
increasing clay fraction (or plasticity), however, negative and positive rate effects have

been observed.

There is a possibility of delayed initiation or reactivation of landslide movement subject
to ground shaking, especially in coherent materials, associated with the potential
reduction of the in situ shear strength and the variation of groundwater conditions. As an
example, this was the case of the Irpinia earthquake occurred in Italy (M= 6.9), where
several large earth flows and other coherent slides began their movement few hours to
few days after the main shock. The post-earthquake movement of these landslides was
inferred to be caused by the increased spring flow and pore-water pressures regime,

associated with the tectonic deformation of the interested area (Keefer, 2002).

A comprehensive overview of the dynamic strength characteristics of granular and
cohesive soils playing a role in the slope seismic stability and related induced
displacements, may be found in Ishihara (1996) and Pitilakis (2010, in Greek).

2.2.2.2. Size of landslides

Expect for the parameters described in Table 2.2, landslide size may be related to the
earthquake magnitude (Fig. 2.17), shaking intensity, and epicentral distance (Keefer,
2002). Hancox et al. (2002) reported that only landslides having volumes < 104 m?
occurred in New Zealand earthquakes with M < 6, whereas landslides having volumes >
108 m? occurred only in earthquakes with M > 7.5 and intensities of MMI IX or higher.
The size of landslides induced by an earthquake can be also correlated to the relation
between slope aspect and ground shaking intensity during the strong motion phase (Li,
1978 in Wen et al., 2004).

1,000,000
100,000 £
10,000 §
1,000 -

100

Area affected by landslides, A (km?)

10

4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5
Magnitude, M
Figure 2.17. Relations between area affected by landslides and earthquake magnitude (Keefer,
2002)
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2.2.2.3. Shaking characteristics

Magnitude

According to Keefer (1984, 2002), the minimum magnitude of an earthquake that would

cause landslides of various types is (see Fig. 2.18):
~4.0 for rock falls, rock slides, soil falls and disrupted soil slides
~4.5 for soil slumps and soil block slides;

~5.0 for soil lateral spreads, rapid soil flows, subaqueous landslides, rock slumps, rock

block slides, and slow earth flows;
~6.0 for rock avalanches; and
~6.5 for soil avalanches.

Modified (generally lower) values were proposed by Rodriguez et al. (1999) for the
earthquake magnitude that can trigger a landslide of various types. These minimum
magnitude thresholds have been empirically derived and as such they are approximate in
nature. However, they are important as they reveal general trends. Smaller earthquake
events can occasionally trigger landslides in correlation with non seismic causes (e.g
intense precipitation). Hence, if a slope is in a marginally stable state, even a weak
earthquake (M<4) can trigger the landslide mass movement. Several examples of low
magnitude induced landslides have been reported in the literature (e.g. Keefer, 1984;

Rodriguez et al., 1999; Papadopoulos and Plessa, 2000).

Maximum distance of landslides from
epicenter in kilometers

o R SR ——
40 45 50 55 60 65 70 75 80 85 90 95
Magnitude (M)

Figure 2.18. Maximum epicentral distance as a function of the event magnitude for the three
landslide categories (dashed line: disrupted landslides, dash-double-dot line: coherent landslides,
dotted line: lateral spreads and flows) (Keefer, 1984)
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Epicentral Distance

Keefer (1984) proposed a set of upper bound curves for the maximum distance as a
function of the event magnitude for the three landslide categories (disrupted, coherent,
flows) (Fig. 2.18). Recent studies showed that these curves are appropriate in most
cases, although some outliers were observed for disrupted and coherent type landslides

at moderate to low magnitudes (Delgado et al., 2011).

Statistical analysis of the landslide distribution showed a strong correlation between
landslide concentration, on the one hand, and distance from the epicenter, distance from
the fault rupture, and slope inclination, on the other (Keefer, 2000). Landslide abundance
showed an exponential decrease with increasing distance from the fault-rupture zone
(Fig. 2.19a) but not with increasing epicentral distance (Fig. 2.19b) (Keefer, 2002).
Later studies (e.g. Huang and Li, 2009; Sato and Harp, 2007) also report that the
distribution of earthquake-triggered landslides is more related to the distance from the
surface projection of the fault plane and the surface projection up-dip edge of the fault

rather than the distance from the epicenter.
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Figure 2.19. Relation of landslide concentration to the distance from the fault rupture zone (a)
and to the epicentral distance (b) for landslides in the southern Santa Cruz Mountains triggered by
the 1989 Loma Prieta, California, earthquake (Keefer, 2002)

Site and Topographic effects

The specific properties and geometrical features of the soil deposits can modify the
characteristics (amplitude, frequency content and duration) of the travelling wave field,
generating extra amplification (aggravation factor in the seismic input characteristics),
attenuation or tensional effects

in the ground influencing the deformation and,

eventually, ground failure. Soil nonlinearity, material damping, the impedance contrast
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between sediments and the underlying bedrock, and the characteristics of incident
wavefield are considered to represent the governing factors for site amplification (Kramer
and Stewart, 2004; Pitilakis, 2004; 2010). A fundamental period of the earthquake close
to the natural period of the site can lead to resonance phenomena and, consequently, to
an amplified energy content of the ground motion. The slope failure potential assumes its
highest values for a combination of a low-frequency seismic input motion together with a
resonance phenomenon in the low-frequency range (Bourdeau et al., 2004; Bourdeau
and Havenith, 2008).

Topographic irregularities can considerably affect the amplitude and frequency content of
ground motions. In the case of hills or slopes this can be related to the triggering forces
acting upon them, since amplified surface accelerations behind the crest may present
larger destabilizing forces, potentially causing higher landslide risk (Paolucci, 2002).
Amplification of both horizontal and vertical ground motion components normally takes
place over a narrow zone near the crest of the slope. This is due, among other factors, to
the diffraction at the surface irregularities and surface wave generation: it can be
observed both in the time domain (as an increase in the maximum observed amplitude
near the crest, with respect to the maximum observed amplitude of the free-field) as well
as in the frequency domain (as a spectral amplification over a narrow band of frequencies
corresponding to wavelengths similar to the horizontal dimension of the slope) (e.g.
Assimaki and Gazetas, 2004; Assimaki et al. 2005; Bouckovalas and Papadimitriou,
2005; Ktenidou, 2010).

While landslides triggered by precipitation are generally distributed uniformly along the
slopes, landslides triggered by earthquakes tend to be clustered near ridge crests and hill
slope toes. Densmore and Hovius (2000) in Peng et al. (2009) attributed this ridge- crest
clustering to topographic effects (as described above), and the clustering at hill slope
toes to dynamic pore-pressure changes in the water-saturated material of lower hill

slopes.

Ashford et al. (1977), Bouckovalas and Papadimitriou (2005), Papadimitriou and
Chaloulos (2010) and Lenti and Martino (2010, 2012), among others, investigated
parametrically the effect of step-like slope topography that may lead to intense
amplification and de-amplification irregularly along the slope, depending on its geometry
and its geological setting as well as on the wavelength of the impinging excitation with
respect to the slope’s height. Bozzano et al. (2008a, 2010) also pointed out the role of
“self-excitation” process due to local seismic amplification resulting from the structural
setting of the stiff bedrock and the pre-existing landslide masses, in the reactivation of
far field pre-existing large landslides. As the authors demonstrated, the frequency

content of the incoming seismic wave field in relation to the geological setting of the
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slope is fundamental to the occurrence of this phenomenon. According to Del Gaudio and
Wasowski (2011), amplification in potentially unstable slopes may have a pronounced
directional character causing a re-distribution of shaking energy with maxima oriented
along potential sliding directions. However, more research is needed to identify the

critical factors controlling these phenomena.

2.3 Methods to assess earthquake induced landslide hazards

According to the Association of Professional Engineers and Geoscientists of British
Columbia guidelines (APEGBC, 2010), there are various methods to assess earthquake

induced landslide hazards. These include, but are not limited to, estimating:
e The likelihood or probability of occurrence of a landslide,
e The factor of safety of a slope,
e The slope displacement along a slip surface.

In order for the results of the above estimate to be incorporated in a Quantitative Risk
Assessment (QRA) methodology, they must be combined with an estimate of landslide
run-out distance (for residential development at the bottom of the slope), or an estimate
of where the main scarp of the landslide will intersect the ground (for residential
development on, or at the top of, the slope) (APEGBC, 2010).

2.3.1 Likelihood or probability of occurrence of a landslide

When assessing the probability of a particular slope experiencing landsliding within a
reference period and within a given area, the recognition of the geotechnical, hydro-
geological, topographic conditions that caused the slope to become unstable, and the
mechanisms that triggered the landslide movement is of primary importance. The
triggering variables (e.g. the seismological characteristics) shift the slope from a
marginally stable to an unstable state and thereby initiating failure in an area of given
susceptibility (Dai et al., 2002). They are time-dependent factors that may change over a
very short period of time. The historic frequency of landslides in an area can be
determined to provide realistic estimates of landslide probability of occurrence
throughout a region where landslides have caused a significant amount of damage. The
trigger/landsliding and frequency-magnitude relations that help understanding landslide
probabilities may be derived from landslide inventories. Considering that landslide
inventories are usually incomplete or inaccurate, the use of aerial photographs and/or

satellite images in conjunction with the landslide inventories may give further insight in
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the documentation of the landslide occurrence and the interpretation of the main

landslide triggering processes.

The frequency of seismically induced landslides may be related to the peak ground
acceleration at the site, the magnitude of the earthquake and the distance from the
earthquake epicenter (Fell et al., 2008). Studies by Keefer (1984, 2002), Harp and Jibson
(1996), Rodriguez et al. (1999), Jibson et al. (2000), Papadopoulos and Plessa (2000),
have shown that there is a threshold magnitude, peak ground acceleration and distance
from the earthquake epicenter above which landsliding will occur. This varies for different
landslide types and sizes (see subsection 1.2.2.3). One problem with the characteristics
of the expected ground shaking is that strong-motion stations are not usually widely
distributed in areas where landslides are most likely to occur. Hence, the interpolation of
the available data from the few stations available to grid points in mountainous areas is

difficult and sometimes ineffective.

2.3.2 Factor of safety of a slope

For site-specific slopes, the probability of failure is usually considered as simply the
probability that the factor of safety is less than unity. The factor of safety of a slope may
be defined as the ratio of the shear resistance to the shear stress mobilized. In simple
terms, a FS=1 is assumed when failure occurs and values successively greater than 1
suggest increasing stability and hence lower susceptibility to failure. When an
earthquake occurs, the slope material is subjected to horizontal and vertical acceleration
with reverse cycles. The inertial forces associated with these accelerations may
momentarily reduce the factor of safety below 1.0 by increasing the shear stresses and
possibly decreasing the shear resistance of the material, initiating downslope movement.
If the accelerations are large enough or continue for a long period of time, they may lead

to instability and/or extensive permanent deformations.

There are many different ways to compute the factor of safety of a slope including limit
equilibrium (e.g. Fellenius, Bishop, Janbu, Morgenstern and Price, Spencer, Sarma
methods) and strength reduction method (SRM) (e.g. Dawson and Roth, 1999; Griffiths
and Lane, 1999). For simple homogenous soil slopes, it is found that the results from
these methods are generally in good agreement. The strength reduction method, utilized
in many finite element and finite difference codes (e.g. Plaxis, FLAC 2D, FLAC 3D, Phase
etc.), does not require any pre-definition of the sliding surface. Instead, the failure
surface develops “naturally” based on the selected vyield criterion (e.g. Mohr Coulomb,
Hoek-Brown etc.). Nevertheless, the strength reduction method is incapable of

determining other failure surfaces, which may be only slightly less critical than the SRM
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solution. It is also sensitive to nonlinear solution algorithms/flow rule for some special
cases (Cheng et al., 2007). For this reason, it is generally advisable to perform both

methods in parallel when dealing with critical problems.

kW / .
_ Resisting Forces
/ S Driving Forces

el

— —
w
Figure 2.20. Pseudostatic slope stability analysis

In a conventional limit equilibrium slope stability analysis, such as the ordinary method
of slices, simplified Bishop’s method, and simplified Janbu’s method, an additional
horizontal static force is applied to simulate earthquake shaking. Analyses that model the
earthquake as an equivalent static force are commonly referred to as pseudo-static
analyses (Fig. 2.20). For pseudo-static analyses, the horizontal static force is calculated
by multiplying the soil weight by a seismic coefficient, k that represents the earthquake
shaking. Seismic coefficients used in pseudo-static analyses are empirically derived to
represent an equivalent seismic load. The selection of the proper value of the seismic
coefficient is fundamental, as this value controls the inertial forces on the soil masses.
According to Terzaghi (1950), who first introduced the pseudo-static (PS) approach, the
values of the seismic coefficient should be k=0.1 for severe earthquakes, k=0.25 for
violent-destructive earthquakes, and k=0.5 for catastrophic earthquakes. In all cases the
author suggested that the design safety factor with respect to strength, Fs, may be close
to 1.0. In contemporary seismic norms, e.g. Eurocode 8 (EC8 2004), the pseudostatic
slope stability analysis is widely adopted for the design of natural and engineered slopes
due to its simplicity. The selection of a seismic coefficient equal to a specific portion of
the design peak ground acceleration at the site of interest is prescribed depending on the
earthquake magnitude and peak ground acceleration values as well as the acceptable
level of seismic performance of the studied slope. However, a main limitation of the
pseudostatic approach is that it provides only a single numerical threshold below which
no displacement is predicted and above which total, but undefined, failure is predicted.
Moreover, the fact that an equivalent static force models the earthquake does not permit
the actual dynamic response of the structure to be taken into account, and thus, the real
response and stability of the geo-structure cannot be accurately assessed during a
moderate or severe seismic event. Lagaros et al. (2009) recognized that in cases where

the local site conditions play an important role (e.g. sensitive clays, loose saturated silty
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sands), more sophisticated non-linear dynamic analysis procedures should be used.
According to APEGBC (2010) guidelines, pseudostatic analysis can be used for
preliminary analyses and screening procedures and for the evaluation of seismic slope
stability using a slope displacement-based seismic coefficient equivalent to the prescribed

tolerable slope displacement along the slip surface (Bray and Travasarou, 2009).

2.3.3 Slope displacement along a slip surface

It is common practice in geotechnical earthquake engineering to assess the expected
seismic performance of slopes and earth structures by estimating the potential for
seismically induced permanent displacements using one of the available displacement-
based analysis procedures. Considering that (total and/or differential) displacements
ultimately govern the serviceability level of a slope after an earthquake, the use of such
approaches is strongly recommended. Moreover, for a landslide risk assessment study it
is the extent of permanent ground deformation that is the most important parameter,
since the assessment of landslide potential (e.g. probability of landslide occurrence) on
its own is of little relevance if the consequent ground deformations are not expected to
cause distress and damage to buildings and infrastructure. The later represents one of
the most important principles on which this study has been based. Typically, two
different approaches of increased complexity are proposed to assess permanent ground

displacements in case of seismically triggered slides:
¢ Newmark-type displacement methods

e Advanced stress- strain dynamic methods

2.3.3.1. Newmark-type displacement methods

Starting from the landmark study of Newmark (Newmark, 1965), the first class includes
simplified or advanced displacement based approaches that generally differ with respect
to the assumptions and idealizations used to represent the mechanism of earthquake-
induced displacement. They are intended for soil slopes and they can be grouped into

three main types (Jibson, 2011): rigid-block, decoupled, and coupled.

The rigid-block model originally proposed by Newmark (1965) treats the potential
landslide block as a rigid mass (no internal deformation) that slides in a perfectly plastic
manner on an inclined plane (Fig. 2.21). The mass experiences no permanent
displacement until the base acceleration exceeds the critical (yield) acceleration of the
block, which is the threshold base acceleration, required to overcome the shear
resistance of the slope and initiate failure; then, the block begins to move downslope.
Cumulative displacements are estimated by double-integrating the parts of an

acceleration-time history that lie above the critical acceleration. The original Newmark
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rigid sliding block assumption is employed in many of the available simplified slope
displacement procedures (e.g., Lin and Whitman, 1986; Ambrasseys and Menu, 1988;
Yegian et al. 1991; Jibson, 2007; Saygili and Rathje, 2008 etc.). The dynamic site
response and the sliding block displacements are computed separately in the ‘decoupled’
approach (e.g. Makdisi and Seed, 1978; Bray and Rathje, 1998; Ausilio et al., 2008;
Rathje and Antonakos, 2011) or simultaneously in the ‘coupled’ stick-slip analysis (Rathje
and Bray, 2000; Bray and Travasarou, 2007) (Fig. 2.22). Some of the most commonly
applicable seismic displacement procedures that account for the soil deformability (both
coupled and decoupled) are discussed in Bray (2007). In general, coupled analysis yields
reliable results for slopes of all dynamic stiffness and strength, but, of course, is the most
complex to conduct. Rigid-block analysis is appropriate for analyzing thin, stiff landslides
but yields quite unconvervative results for deep, flexible slopes. The decoupled approach
is generally considered to slightly overestimate displacements compared to the fully
nonlinear, coupled stick-slip analysis. However, it was found non-conservative primarily
for projects undergoing intense, near-fault ground motions (Rathje and Bray, 1999;
2000). Jibson (2011) provides guidelines for selecting the most appropriate sliding-block
analysis based on the Ts/T., i.e. the ratio of the fundamental site period (T;) to the mean
period of the earthquake motion (T,,) (Tab. 2.5). APEGBC (2010), based on the concept
of tolerable slope displacement, proposed the use of Bray and Travasarou (2007)

simplified coupled method for the seismic analysis of soil slopes.
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The significance of modeled displacements must be judged by their probable effect on a
potential landslide (Jibson, 2011). According to the California Geological Survey’s (2008)
general guidelines, Newmark displacements of 0-15cm are unlikely to correspond to
serious landslide movement and damage; displacements of 15-100cm could be serious
enough to cause serious ground cracking or strength loss and continuing failure; and

displacements greater than 100 cm are very likely to correspond to damaging landslide
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Decoupled Dynamic Response
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Figure 2.22. Decoupled dynamic response/rigid sliding block analysis and fully coupled analysis
(Bray, 2007)

Table 2.4. Guidelines for selecting appropriate sliding-block analysis (Jibson, 2011)

Slide type Ts/Tm Rigid-block analysis Decoupled analysis
Stiffer, thinner slides 0-0.1 Best results Good results
l 0.1-1.0 Unconservative Conservative to
l very conservative
Softer, thicker slides 1.0-2.0 Conservative Conservative

=2.0 Very conservative Conservative to

unconservative

Ts is the site period.
Tin is the mean period of the earthquake shaking.

movement, including possible catastrophic failure. However, it is important to note the
fact that the estimated range of seismic induced permanent displacement from semi-
analytical and/or semi-empirical procedures both coupled and uncoupled, should be
considered as an index of the expected seismic performance. Seismic displacement

estimates will always be approximate in nature due to the complexities of the dynamic
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response of the soil materials involved and the variability of the earthquake ground
motion (Bray, 2007). Moreover, it's worth noticing that the yield coefficient k, is assumed
to be constant during seismic shaking. Thus, Newmark-type approaches should not be
followed when significant strength loss is anticipated in the slope soil material (e.g.
liquefaction) (e.g. Kramer 1996). In the later, a more sophisticated numerical analysis

capable to account for soil nonlinearity is recommended for use.

2.3.3.2. Advanced stress- strain dynamic methods

Advanced stress-deformation analyses based on continuum (finite element (FEM), finite
difference (FDM), boundary element method (BEM)) or discontinuum (e.g. Distinct
Element Method (DEM) and Discontinuous Deformation Analysis (DDA)) formulations
usually incorporating complicated constitutive models, are becoming more and more
attractive, as they can provide approximate solutions to problems which otherwise
cannot be solved by conventional methods e.g. the complex geometry including
topographic and basin effects, material anisotropy and non-linear behavior under seismic
loading, in situ stresses, pore water pressure built-up, progressive failure of slopes due
to strain localization, soil-structure interaction. Numerical methods have been applied to
model the dynamic response of slopes using different constitutive models (e.g. Mohr
Coulomb, strain softening, hysteretic model etc.), boundary conditions and dynamic input

motions (real or synthetic accelerograms, simplified wavelets).

Many investigators implemented continuum FE (e.g. ABAQUS, Opensees, PLAXIS etc.) or
FD (e.g. FLAC 2D, 3D) codes to evaluate the residual ground displacements of soil slopes
using elastic-plastic constitutive models. Martino and Scarascia Mugnozza (2005)
examined the effect of seepage and frequency content of dynamic input motion on the
histories of permanent co-seismic displacements and excess pore pressures of the Calitri
landslide (Southern Italy) by means of the explicit finite difference program FLAC2D.
Siyahi and Arslan (2008) investigated the dynamic behavior and earthquake resistance of
Alibey earth dam (Istanbul, Marmara Region, Turkey) taking into account the effects of
liquefaction and cyclic mobility. They performed displacement-pore pressure coupled FE
analyses using OpenSees (Open System for Earthquake Engineering Simulation)
platform. Marchi et al. (2011) performed a sensitivity analysis on the influence of the
strength, stiffness and damping parameters of the soil on the seismic response (in terms
of permanent displacements) of Las Colinas slope (El Salvador) using the finite element
code PLAXIS. Kourkoulis et al. (2010) used the FE code ABAQUS to estimate the co-
seismic displacements of an idealized slope with strain- softening behavior considering
soil-foundation-interaction. Han and Hart (2010) studied the seismic stability of
reservoir-/earth dam/pore fluid systems and predicted the potential liquefied regions,

earthquake-induced settlement and lateral spreading for a realistic reservoir dam
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experiencing seismic loading using the explicit difference program FLAC2D (Itasca,
2011). Taiebat et al. (2011) estimated the seismic response (in terms of shear strains
and horizontal displacements) of a saturated clay slope based on an advanced modified
isotropic modified Cam-Clay model to account for anisotropy and destructuration. The
model was numerically implemented in the 3D explicit finite-difference program FLAC3D.
Fotopoulou et al. (2011) used the explicit finite difference code FLAC2D to assess the
permanent ground displacement of the Kato-Achaia slope - western Greece as a
consequence of the Ilia-Achaia, Greece 2008 (Mw= 6.4) earthquake, considering the

presence of a structure near the cliff.

To analyze the seismic stability of rock slopes both continuum or discontinuum methods
are possible. An overview of the advantages and disadvantages of these approaches are
presented in Stead et al. (2006). When the seismic stability of rock is controlled by
movement of joint-bounded blocks and/or intact rock deformation then the use of
discontinuum discrete-element codes is generally preferable. The predominant
discontinuum method that has been used to investigate a wide variety of rock slope

failure mechanisms is the distinct-element code UDEC (Itasca, 2004).

The accuracy of advanced numerical methods is highly dependent upon the quality of the
input parameters and the level of model validation performed by the user for similar
applications. One basic limitation is that the parameters required for the definition of the
constitutive models are not easily quantified in the laboratory or in situ. Moreover, due to
their complexity, they are generally more appropriate for specific case studies and not for
a parametric analysis aiming to evaluate the landslide risk at local and regional scale.
Finally, it should be emphasized that numerical modeling is a very powerful tool in the
identification and comprehension of the coupled processes and complex mechanisms
leading to instability of a given slope but it should be combined with engineering

experience and critical judgment in order to yield reliable results.

2.3.4 Discussion

The choice of the most appropriate method to assess earthquake induced landslide
hazard should primarily rely on the scale of the problem, data availability and quality
concerning the geometrical, hydro-geological and the geotechnical characteristics of the
site, the seismic motion parameters and soil dynamic properties (e.g. residual dynamic
shear strength), the criticality of the structure and engineering judgment. A simplified
empirical or semi-empirical method (e.g. pseudo-static analyses, Newmark- type
displacement models) is generally preferable for the landslide hazard assessment in small
scales (e.g. regional scale) while a more sophisticated method (e.g. numerical model) is

usually adopted in large and detailed scales. Within the framework of this research, the
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numerical approach is selected as it is reportedly more accurate than any empirical
method and it permits the direct estimation of absolute and/or differential ground

displacements at the slope area, which represent the main cause of damage.



CHAPTER 3

Literature review on assessing building
vulnerability to landslides

3.1 Introduction

The present chapter aims at providing a critical review of existing methodologies to
quantify building vulnerability to slides. Various concepts and aspects of physical
vulnerability to slides are discussed and analyzed regarding the development of fragility
curves, the selection of appropriate landslide intensity measures, the extent and
mechanisms of building damage to slides and the definition of structural and non-

structural damage/limit states.
3.2 Physical vulnerability to landslides

Different disciplines use multiple definitions and different conceptual frameworks of the
term of vulnerability. In engineering and natural sciences, physical vulnerability is
commonly expressed as the degree of loss (expressed on a scale of 0: no loss to 1: total
loss) to a given element or set of elements at risk (i.e. buildings and infrastructures),
resulting from the occurrence of a specified hazard of given magnitude. The term of
vulnerability [V], closely related to the consequences of natural hazards, is generally
enclosed in the definition of risk [R] through the following simple formulation (Varnes,
1984):

[R]= [H] x [V] x [E] (3.1)

Where [H]: hazard, [E]: value (or cost) of the element at risk.

However, in many cases the estimation of landslide vulnerability depends on the hazard
evaluation and therefore the vulnerability term should be conditioned on the hazard

term. Thus, the previous relationship can be transformed as follows:

[R]= [H] x [V/H] x [E] (3.2)
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Within the context of a landslide risk assessment methodology, physical (technical)
vulnerability comprises a key component that still requires significant research (Leone et
al., 1996; Dai et al., 2002; Cascini et al., 2005; Van Westen et al., 2006; Mavrouli and
Corominas, 2010). The explanation lies in the first place in the scarcity of available
damage data in quantitative terms and the inherent uncertainties associated with them
(Van Westen et al. 2006). The heterogeneity of vulnerable elements to similar landslide
mechanisms, the wide range of processes (e.g. rockfalls, debris flows, earth slides etc.)
and their possible characteristics (e.g. size, shape, velocity, momentum) as well as the
numerous categories of damages and their inherent dynamic nature have also
contributed to the insufficient and somewhat subjective treatment of Ilandslide
vulnerability. Physical vulnerability may be defined as the degree of loss (in terms of
percentage % of structural damage) of the affected built structures subjected to a
landslide event of a given type and intensity. It depends on the structural properties of
the exposed elements (e.g. typology, construction quality, state of maintenance, use
etc), but also on the mechanism and intensity of the landslide processes. An additional
important factor is the geographic location of the exposed elements with respect to the
the landslide area (e.g. within or outside the unstable mass), given the variation of the
soil movement and the consequent interaction with the structures and infrastructures, or
in the case of rock falls, the location and the extent of the rock fall impact on the
exposed elements. For instance, buildings subject to the same landslide event may
experience different vulnerability values owing to their particular different structural
(strength and stiffness) characteristics. Furthermore, buildings having exactly the same
typological and structural properties may suffer less or more damage, determined by the
landslide type and mechanism and their location in relation to the landslide zone. Thus,
they might sufficiently accommodate the impact of a falling block but they cannot avoid
development of tension cracks due to differential displacements produced by a
translational slide (Fell et al, 2008). Figure 3.1 presents a schematic overview of
landslide damage types, related to different types of landslides, elements at risk and the

location of the elements at risk in relation to the landslide (Van Westen et al., 2006).

Physical vulnerability of the exposed elements to the different landslide hazards may be
expressed both in qualitative and quantitative terms. Whether qualitative or quantitative
assessments are more suitable depends on both the desired accuracy of the outcome and
the nature of the problem, and should be compatible with the quality and quantity of
available data (Dai et al., 2002). When sufficient data is available, a quantitative analysis
(QRA) is preferable compared to qualitative, as it allows for a more explicit
characterization of the causes of damage (in terms of permanent deformation, tension

cracks, number of fatalities, monetary values etc.) and offers an improved basis for
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communication among the research community,
planners (AGS, 2007; Uzielli et al.,

2008).
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Figure 3.1. Schematic overview of landslide damage types, related to different landslide types,
elements at risk and the location of the exposed element in relation to the landslide (Van Westen

et al.,

2006)
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3.2.1 Landslide intensity measures

According to Hungr (1997) landslide intensity represents a set of spatially distributed
parameters that describe the destructiveness of a landslide. To quantify the landslide
effect on the exposed element, proper intensity parameters should be used that link the
landslide hazard to the response of the exposed element to it. Their selection should be
made with consideration of their predictability, efficiency and sufficiency (Kramer, 2011),
taking also into account the scale of the problem. Intensity measure predictability refers
to the uncertainty with which an IM can be predicted for a given landslide event whereas
intensity measure efficiency refers to the conditional uncertainty in the structural
response given the landslide intensity. Sufficient IM is a measure for which consideration

of additional intensity parameters does not reduce the uncertainty in predicted response.

Intensity (demand) of a given landslide event can be expressed in different ways
depending on the landslide type (slow moving or rapid slide, rockfall, etc.), the relative
position of the exposed element (e.g. uphill, downhill or inside the potential unstable
slope) to the landslide as well as the initial trigger of the landslide event (e.g.
earthquake, intense precipitation, erosion etc.). Commonly used intensity measures are
defined in terms of the absolute or differential displacement, velocity, kinetic energy,
volume of the landslide deposit, impact force, etc. The interaction of the affected
structure with the underlying soil materials may play a definite role as well. For instance,
the uniform (absolute) displacement or tilting may be the optimal intensity measure for a
building on stiff foundations standing near the crest of a potentially unstable slope
whereas the differential displacement is considered more appropriate for a building on

flexible, weak foundations.

Intensity criteria have been proposed by Leone et al. (1996) according to the landslide
type (Fig. 3.2). As shown in Figure 3.2, for certain landslide types (e.g. slides) more than
one intensity parameters are possible based on the particular characteristics of the
problem (e.g building typology, relative location to the slide etc.) and data availability.
Uzielli et al. (2008) proposed a composite intensity parameter accounting for kinetic and
kinematic characteristics of the interaction between the sliding mass and the reference
area. Li et al. (2010) estimated the landslide intensity as a function of dynamic and
geometric intensity factors. Different geometric intensity factors were considered for
structures located within and outside the landslide area. Recommendations for selecting

proper landslide intensity criteria can be found in Corominas and Mavrouli (2011a).
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Figure 3.2. Landslide intensity criteria (after Leone et al. 1996)
3.2.2 Damage to structures impacted by slow moving slides

It is acknowledged that the expected damage of a structure due to the landslide hazard
depends not only on its typology and its specific features but also on the landslide type
and intensity and its relative position to the unstable zone. In the ensuing, the damage
to buildings is described with respect to a basic landslide mechanism, namely slow
moving slide. An extensive description of damage of various elements at risk (buildings,
roads, population) concerning different landslide mechanisms (slow moving slides, debris

flows, rock falls etc) is presented by Corominas and Mavrouli (2011a).

According to Cruden and Varnes (1996) established criteria, slow slides are classified as
extremely slow moving slides (rates 0 to 16 mm/year), very slow moving slides (rates 16
mm/year to 1.6 m/year) and slow-moving slides (rates 1.6 to 160 m/year). While
damage to the built environment resulting from the occurrence of rapid landslides such
as debris flows and rock falls is generally the highest and most severe as it may lead to
the complete destruction of any structure within the affected area, slow-moving slides
also have adverse effects on affected facilities (Mansour et al., 2011; Argyroudis et al.,
2011).
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The damage caused by a slow moving slide on a building is mainly attributed to the
cumulative permanent (absolute or differential) displacement and it is concentrated
within the unstable area. For instance, a slow moving slide may produce tension cracks
due to differential displacement to a building that may result to the partial or complete
disruption of the structure’s serviceability and stability. The type of response to
permanent total and differential ground deformation depends primarily on the foundation
type. A structure on a deep foundation compared to shallow foundations often has higher
resistance ability and hence a lower vulnerability (Ragozin and Tikhvinsky, 2000). For
shallow foundations (Fig. 3.3), the distinction is between rigid or flexible/unrestrained
foundation systems. When the foundation system is rigid (e.g. continuous raft
foundation), the building is expected rather to rotate as a rigid body and a failure mainly
attributed to the loss of functionality of the structure is anticipated. In that case, the
building can be rendered uninhabitable by the effect of a landslide without suffering any
significant structural damage to the load-bearing system. On the contrary, when the
foundation system is flexible (e.g. isolated footings), the various modes of differential
deformation produce structural damage (e.g. cracks) to the building members (Bird et al,
2006). The interaction between the structure and the soil is also a key factor as the
influence of the building stiffness is likely to modify its deformation demand compared to
the predicted free field movement (Pitilakis D. et al., 2012). The structural system is a
further crucial parameter that could potentially control the magnitude and distribution of
damage due to the landslide movement. For instance, a bare frame structure would
generally be more affected by the ground displacement than a structure with reinforced
concrete walls supported with stiff floor system. Other typological parameters which
determine the capacity of the building to withstand the landslide deformation demand are
the geometry, material properties, the state of maintenance, code design level,

superstructure details, number of floors etc.
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Figure 3.3. Typical shallow foundation systems - Types and layout
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The extent and type of damage of a structure should also be regarded with respect to the
mechanical properties of the soil beneath its foundation and its relative location to the
potential unstable slope. A ductile failure (usually associated with deep sliding surfaces)
is expected for a slope consisting of clayey material leading to rather homogenous
movements for a building situated next the slope’s crest (within the unstable mass).
Such movements are generally more pertinent to operational and not to structural
damage. On the other hand, a relative brittle failure (associated to shallow sliding
surfaces) is anticipated for a slope consisting of sand or rock materials that could result
to significant differential deformation demand for the building standing at the edge and

consequently to structural distortion and/or tilting.

Figure 3.4 presents various types of damage of different severity for buildings located
within the unstable area of a deep sited landslide in Austria. Similarly, Figure 3.5 (a-d)
illustrates examples of damage to houses including structural cracks and rigid body
deformation caused by mass movements in Umbria. Figure 3.6 presents the main
damage patterns of buildings located on top or within residential unstable slopes
composed by cut and fills triggered by the 2011 Great East Japan Earthquake. Extensive
structural damage was observed on the fill part of slopes (e.g. Fig. 3.7), mainly

attributed to the formation of a soft layer between the original ground and the fill.

[GA Geological Survey of AustriaJ

Figure 3.4. Building damage due to a deep sited landslide in Austria (Geological Survey of Austria)
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. | e ol : . 4
Figure 3.5. (a) Structural damage caused by deep-seated slide at Monteverde on December 22,
1982. (b) Total damage caused by deep-seated slide at Valderchia on January 6, 1997. (c¢) Total

damage caused by deep-seated slide at Nuvole di Morra on December 9, 2005. (d) Functional

damage caused by deep-seated slide at Badia and Podere Cipresso (Orvieto) on December 6, 2004.

Open arrows show location of damage, filled arrows show approximate direction of landslide
movement (Galli and Guzzetti, 2007).
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Figure 3.6. Classification of building damage mechanisms impact by slope instability triggered by
the 2011 Great East Japan Earthquake (Japanese Geotechnical Society, 2011).
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2011 Great East Japan Earthquake (Japanese Geotechnical Society, 2011).

Summarizing, the vulnerability of buildings to slow moving slides may depend on (a) the
hazard level (b) the rate of movement (relative slow to extremely slow moving slides) (c)
the type of materials controlling the movement (d) the triggering mechanism (intense
rainfall, earthquake, erosion, construction activities etc), (e) the specific typological,
strength and geometrical characteristics of the exposed buildings (determining its
capacity), (f) their position and potential interaction in relation to the potential sliding

surface.
3.3 Quantification of physical vulnerability to slides
3.3.1 Fragility functions

The physical vulnerability of elements at risk to landslides may be described through
fragility functions. Fragility curves provide for every element at risk (i.e. building,
infrastructure), the conditional probability for the element to be in or exceed a certain
damage state, under a landslide event of a given type and intensity, taking into account
various sources of uncertainty (both aleatory and epistemic). Fragility relationships are
essential components of quantitative risk assessment (QRA) studies as they allow for the
estimation of risk within a probabilistic performance or consequence-based framework.
However, in contrast to other natural processes such as earthquakes, the use of fragility
curves in landslide vulnerability and risk assessment studies has not received much

attention and remains somewhat primitive. This thesis is intended as a step to bridge this
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gap, providing various sets of analytical fragility curves for buildings to earthquake
induced relative slow moving earth slides (see Chapter 6). Figure 3.8 illustrates a
conceptual form of fragility function. Different mathematical procedures for developing
fragility curves have been proposed in the literature (e.g. ATC-13, 1985; Shinozuka et
al., 2000; Cornell et al., 2002; NIBS, 2004; Nielson and DesRoches, 2007; Porter et al.,
2007 etc.). The determination of an appropriate statistical distribution is of major
importance to deal with various sources of uncertainty. A two-parameter lognormal
distribution function is usually adopted due to its simple parametric form to represent a

fragility curve for a predefined damage/limit state (Koutsourelakis, 2010).

The methods used to estimate fragility curves can be classified into four categories -
empirical, engineering judgmental, analytical, and hybrid - based on the scale of the
study area, the availability and quality of input data and the local technology in

construction practice.

Damage observation from previous landslide events are the main source of information
for empirical curves that are generally more realistic compared to the other categories as
they fit real-event data. The most common problem when applying a purely empirical
approach is the unavailability of (sufficient and reliable) statistical data for several
landslide types and intensities. Empirical fragility curves based on damage data survey
on over 300 buildings of various classes were developed by Zhang and Ng (2005) in

terms of limiting building settlement and angular distortion.

Engineering judgmental fragility relationships resort to expert opinion (ATC-13, 1985;
Smith et al., 2012). The reliability of judgment-based curves is questionable due to their
dependence on the individual experience and the number of the experts consulted.
HAZUS (NIBS, 2004) provide fragility curves for extensive/complete building damage due
to ground failure as a function of permanent ground displacement principally based on

expect judgment.

Analytical fragility curves are essentially based on numerical modeling (e.g. Nielson and
DesRoches, 2007; Argyroudis and Pitilakis 2012; Kakderi, 2011; Fotopoulou and Pitilakis,
2012). Analytical fragility relationships offer a higher level of detail compared to the
previous ones. With the expansion of computational power and the development of
reliable analysis tools, the limitations in the analytical derivation of vulnerability curves
are decreasing. A first attempt to derive analytical fragility curves for RC buildings to
differential settlements due to landslides has been made by Negulescu and Foerster
(2010) largely inspired from the work of Bird et al. (2005).

Hybrid relationships attempt to compensate for the scarcity of observational data,
subjectivity of judgmental data and modeling deficiencies of analytical procedures by

combining observed data and analytical estimations (Kappos et al., 2006).
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IM, IM, M,
Figure 3.8. Concept of fragility curve

3.3.1.1. Damage states

Damage states express the average level of damages to specific elements at risk
(buildings, lifelines, infrastructures) for different intensity levels. They imply a
relationship between the response of the structure and its capacity to resist that
response. They often describe different fragility curves for slight, moderate, extensive
and complete damage (collapse). Typically multiple damage (or performance) criteria
need to be satisfied. The number of damage states is normally between two and six,
depending on the element at risk (typology, state of maintenance, use etc.) and the
available data. They are defined by a threshold value of the damage index that could be
a limit value of a component strain, joint displacement, inter-story drift, foundation
displacement/rotation or other fragility criteria related to the loss of functionality and/or
stability (Pitilakis et al. 2006a and b). The threshold value for each damage state and
element at risk is commonly defined based on engineering judgment and damage
observations. However, calibration of the adopted limit values with experimental data
and large-scale laboratory tests is certainly desirable to enhance their credibility and

reduce the associated subjectivity and uncertainty. Figure 3.9 presents the form of
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HAZUS (NIBS, 2004) fragility curves to estimate seismic vulnerability of buildings for
different damage states as well as the expected building performance for each damage
state. When considering the impact of a slow moving slide, intensity could be related to
the cumulative (absolute or differential) permanent foundation/ground movement or to
the initial trigger of the landslide (e.g. Peak ground acceleration in case of earthquake

induced landslides).
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Figure 3.9. HAZUS fragility curves derived for buildings for different damage states (NIBS, 2004)

Various investigators have proposed different damage criteria for buildings subjected to
ground movements related to slides as well as to other causes such as the dead weight
of the buildings, adjacent excavation and tunneling activities, ground heaving,
liquefaction etc. A review of the proposed damage indicators and the associated damage

states is following.

Over half a century ago, Skempton and MacDonald (1956) based on settlements and
damage observations on buildings due to their own weight suggested a range of limit
values depending on the type of building or foundation, to determine the magnitude of
differential foundation movement that will cause cosmetic, i.e. architectural damage to
structures, or more seriously, structural damage. The damage criterion they used was
the “angular distortion” defined as the ratio of the differential settlements and the
distance between two points after eliminating the influence of the tilt on the building.
Limits were selected empirically at 1/300 for preventing cracks in walls and 1/150 for
avoiding structural damage. These recommendations proved to be in reasonable
agreement with further studies (Burland and Worth, 1974), especially for frame
buildings. Bjerrum (1963) based on the work of Skempton and MacDonald (1956) and
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additional empirical data proposed damage criteria for different building types by relating

angular distortion to building’s performance (Tab. 3.1).

Polshin and Tokar (1957) defined limit performance criteria for different types of
buildings which depend on the “slope” (difference of settlement of two adjacent supports
relative to the distance between them), the “relative deflection” (ratio of deflection to the
deflected part length) and the average settlement under the building, based on field
observations on building damage and respective modes of deformation. These criteria
were in accordance with the values proposed by Skempton and MacDonald (1956) and
were also in agreement with the results obtained later by Burland and Worth (1974).
Limit values proposed by Polshin and Tolkar (1957) were incorporated into the 1955
Building Code of the URSS.

Table 3.1. Damage Criteria based on angular distortion (after Bjerrum, 1963)

Angular distortion Damage assessment

Limit where structural damage is to be feared. Safe limit for flexible

1/100 brick walls with h/L<0.25. Considerable cracking in panel walls and
brick walls.

1/250 Limit where tilting of high rigid buildings may become visible.
1/300 Limit where difficulties with overhead cranes can be expected.
1/500 Safe limit for buildings where cracking is not permissible.
1/600 Danger limit for frames with diagonals.
1/750 Lower limit for sensitive machinery.

Burland and Worth (1974), based on the results from a number of large scale tests on
masonry panels and walls, showed that, for a given material, the onset of visible cracking
is associated with a well defined value of average tensile strain which is not sensitive to
the mode of deformation. They reported average values of strain at which cracking
becomes evident of 0.05-0.1% for brick and 0.03-0.05% for concrete noting, however,
that these values were much larger than the local tensile strain corresponding to tensile
failure. Burland and Worth (1974) and Burland et al. (1977) applied the concept of
limiting tensile strain to elastic beam theory to study the relation between building
deformation and onset of cracking. Burland et al. (1977) pointed out that the visual
building damage is difficult to quantify due to its subjective nature and thus they
proposed the ease of repair as the key factor to determine the category of damage (Tab.

3.2). The ease of repair was then related to the measure of crack opening.
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Boscardin and Cording (1989) complemented Burland and Wroth’s concepts by including
the effect of horizontal strain developing in the ground due to settlements. They noted
that this effect depends on the lateral stiffness of the structure. Based on the results of
their study, they defined categories of damage by developing relationships between the
horizontal strain and the angular distortion (Fig. 3.10).

Table 3.2. Classification of visible damage to walls with particular reference to ease of repair of
plaster and brickwork masonry (after Burland, 1995).

Category Normal w1 A :
ategory © Description of typical damage
of degree of : o2 2 o
. (Ease of repair is printed italic)
damage severity
Note: Crack width is only one factor in assessing category of
dfu_'nagc and should not be used on its own as a direct measure
of 1t
0 Negligible Hairline cracks less than about 0.1 mm
1 Very Slight Fine cracks which are easily treated during nor-

mal decoration. Damage generally restricted to
internal wall finishes. Close inspection may re-
veal some cracks in external brickworks or ma-
sonry. Typical crack widths up to 1 mm.

2 Slight Cracks easily filled. Re-decoration probably re-
quired. Recurrent cracks can be masked by suit-
able linings. Cracks may be visible externally
and some repointing may be required to ensure
weathertightness. Doors and windows may stick
slightly. Typical crack width up to 5 mm.

3 Moderate The eracks require some opening up and can be
patched by mason. Repointing of external brick-
work and possibly a small amount of brickwork
to be replaced. Doors and windows sticking. Ser-
vice pipes may fracture. Weathertightness often
impaired. Typical crack widths are 5 to 15 mm
or several up to 3 mm.

4 Severe Extensive repair work involving breaking-out and
replacing sections of walls, especially over doors
and windows. Windows and door frames dis-
torted, floor sloping noticeably!. Walls leaning’
or bulging noticeably, some loss of bearing in
beams. Service pipes disrupted. Typical crack
widths are 15 to 25 mm but also depends on the
number of cracks.

5 Very severe This requires a major repair job involving par-
tial or complete rebuilding. Beams lose bearing,
walls lean badly and require shoring. Windows
broken with distortion. Danger of instability.
Typical crack widths are greater than 25 mm
but depends on the number of cracks.

1 Note: Local deviation of slope, from the horizontal or vertical, of more than 1/100 will normally be clearly visible.
Overall deviations in excess of 1/150 are undesirable.
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Boone (1996) adopted the crack width as an indicator of damage severity to assess the
building damage considering ground deformation pattern, structure design and
geometry, strain superposition and critical strains of building materials. The estimated
damage for a number of examined case histories was found to be in good agreement

with the actual observed building damage.
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Figure 3.10. Correlation of Damage level to Angular Distortion and Horizontal Extension Strain
(after Boscardin and Cording, 1989)

Bird et al. (2005; 2006) suggested different damage states for buildings subjected to
seismically induced ground deformations based on the flexibility of the foundation system
(flexible, rigid) and the deformation mode (uniform, differential). Where building
response to ground failure comprised structural damage, damage states were classified
using the same schemes used for structural damage caused by ground shaking (Table
3.3). In that case, limit states were defined in terms of threshold values of steel and
concrete material strain. The first limit state was specified as steel bar yielding whereas
suggested possible mean values for post-yield limit states for steel (&5) and concrete (&)
material for both poorly confined (poor) and well confined (good) RC frame buildings are
presented in Table 3.4. The damage state of a building subjected to rigid body
deformation was described using empirical solutions, classifying the damage level in
terms of functionality and reparability. Table 3.5 presents the corresponding proposed
rotational and settlement limits for grouping the rigid body response of buildings to
ground failure into similar ranges that coincide with structural damage definitions.
According to the authors these limits should be related to the extent of settlement, the
ease of repair and the repair cost ratio. The authors acknowledge, however, that these
limits involve a considerable degree of uncertainty owning to the lack of available data on

repair methods and costs for settled and rotated buildings.
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Table 3.3. Structural damage state descriptions for RC frame buildings (Crowley et al., 2004; Bird
et al., 2005)

Structural damage band Description

Linear elastic response, flexural or shear type
hairline cracks (<1.0 mm) in some members, no
yielding in any critical section

None to slight

Member flexural strengths achieved, limited
ductility developed, crack widths reach 1.0 mm,
initiation of concrete spalling

Moderate

Significant repair required to building, wide
flexural or shear cracks, buckling of longitudinal
reinforcement may occur

Extensive

Repair of building not feasible either physically
or economically, demolition after earthquake
required, could be due to shear failure of
vertical elements or excessive displacement

Complete

Table 3.4. Suggested mean post-yield limit state strains for steel (¢;) and concrete (&) for poorly
confined (poor) and well confined (good) RC frame buildings subject to ground deformations (Bird

et al., 2005)
Poor Buildings Good Buildings
Limit state
& & &s Ec
2 0.0125 0.0045 0.0125 0.0045
3 0.0225 0.0075 0.05 0.015

Table 3.5. Suggested limit states for rigid body settlement and rotation due to earthquake induced
ground deformations (Bird et al., 2005)

Structural Additional
damage R . Settlement (A) Rotation (0)
Damage State description (rigid
(see Table 3.1 for R only only
. body deformation)
full description)
Repairs may be
Slight Hairline cracks only necessary for A<0.1m 6 <0.6° 1/100
aesthetic reasons
Some cracks in Repairable damage, 0.6° < B< 2.3°
Moderate load-bearing Serviceability and/or | 0.1m <A <0.3m 1‘/100 ; ‘1/'25
elements functionality affected ©
Wide cracks and
. buckling of Uninhabitable, but 2.3°<8<46°
Extensive longitudinal repairable 0.3m <A <£1.0m 1/25 to 1/12.5
reinforcement
Repair not feasible, Demolition ch_eaper
shear failures or than repair. 6 =>4.6°
Complete - Structural integrity > 1.0m
excessive - >1/12.5
. affected, possible
displacement - -
instability




CHAPTER 3: Literature review on assessing building vulnerability to landslides 55

Mansour et al. (2011), based on an extensive literature survey on slow moving slides,
their initial triggers and their impacts, proposed qualitative relations between the
expected extent of damage and the movement rate for urban structures and facilities
(Table 3.6).

Table 3.6. Damage expected from slow-moving slides to urban communities versus movement
rate (Mansour et al., 2011)

Movement rate Extent of Damage

(mm/year)
0-10 Minor or no damage
Cracks in streets, footpaths and nearby embankments
General signs of distress like bent trees
10-100
House walls disjunction and badly working casings
May cause damage to small dwelling houses
Cracks are wide to the extent that houses start to suffer a
100-300 noticeable damage
Rupture of service utilities
300-800 House walls buckling, bending of doors and windows and various

damages in houses

Severe damage and failures to slopes or retaining walls supporting
800-4,000 buildings
If no warning system is implemented, human losses may occur

>4,000 Complete collapse of buildings

Finally, although not directly associated to damage caused by ground instability (due to
landslides), inter-storey drift limits of a superstructure may provide, in conjunction with
other damageability criteria, an index of the approximate performance of the structure,
in terms of both structural stability and serviceability. Various structural codes and
research provide insight on the relationship between the drift ratio limits and damage
levels for different structural typologies (e.g. SEAOC, 1995; FEMA, 2000; UBC, 1997;
NIBS, 2004; Rossetto and Elnashai, 2003; Ghobarah, 2004 etc.).

3.3.2 Review of quantitative methodologies to assess building vulnerability to

slides

It is recognized that there is a lack of a unified and simple methodological framework to
address the quantification of vulnerability due to different landslide hazards (Glade,
2003). Hollenstein (2005) observed that while there were numerous studies (>1000) on
earthquake and wind (>100) related vulnerability models, there were only a few (<20)
ones for gravitational hazards such as landslides, debris flows, snow avalanches and even
floods. Methodologies are usually classified with regard to the landslide type (slide, debris

flow, rockfall etc.), the element at risk (buildings, roads, lifelines etc.), the scale of
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analysis (site specific, local, regional, national) and the methodological framework
adopted (empirical, judgmental/heuristic, analytical). However, focusing in particular on
slides, it is seen that most of the existing methodologies resort to expert judgment and
empirical data providing fixed vulnerability values and hence they are principally
applicable to studies at regional and local scales. Uncertainty (both epistemic and
aleatory) that is inherent in such studies is not properly accounted for. Very few models
are available in the literature to quantify the vulnerability of structures impacted by slides
using analytical relationships and/or numerical simulations with potential application
within a probabilistic framework. Such models may allow to study, in controlled
conditions, the structure's behavior under the different landslide schemes considering

various sources of uncertainty.

An overview of the available procedures found in the literature for quantitatively

assessing vulnerability of buildings to slides is provided in the following.

Leone et al. (1996) introduced damage matrices that provide correlation, in terms of
vulnerability, between the exposed elements and the characteristics of landslides.
Structural vulnerability was related to the characteristics of the landslide and the
technical resistance of the building, such as the type, nature, age, etc. The effective
applicability of the method requires statistical analysis of detailed records on landslides
and their consequences on the affected structures. Daj et al. (2002) also proposed the
use of damage matrices due to their flexibility in different situations and reduced
subjectivity.

Heinimann (1999) based on investigation of past landslide events, attributed vulnerability
values to buildings considering different structural typologies and their resistance to
different magnitudes of the landslide processes. However, as Heinimann stated, a major

limitation of the approach is that most of the data have to be assumed.

Few years later, Australian Geological Survey Organization (AGSO 2001) proposed fixed
vulnerability values for buildings subjected to landslides on hill slopes, proximal and
distal debris fans. The capacity of the structure to resist the impact of different landslide

mechanisms is not considered for assessing their vulnerability.

More recently, Galli and Guzzetti (2007) used historical damage data to buildings and
roads caused by slow moving slides and slide-earth flows in Umbria region in central Italy
to establish correlation between the landslide area and the vulnerability to landslides for
the different elements at risk (buildings, major roads, secondary roads). Figure 3.11
presents the derived empirical vulnerability threshold curves for buildings in Umbria
defined as the proportion of landslide damage (D,) to buildings as a function of the
landslide area (AL). The authors observed that the amount of damage generally increases

with increasing landslide area. However, they recognized that this trend is highly non-
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linear while they revealed considerable variability in the data and in the corresponding
curves. Simple, two-parameter power-law functions were selected to represent the lower

and upper threshold curves.
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Figure 3.11. Proportion of landslide damage (DL) as a function of landslide area (AL) for different
elements at risk in the Umbria region, central Italy (Galli and Guzzetti, 2007).

Papathoma et al. (2007) introduced a framework to undertake the assessment of
vulnerability of buildings to different landslide hazards based on a Weighted Linear
Combination Method. The specific framework was first developed for tsunami related
disasters and was properly modified by the authors for landslides. The proposed
approach was applied to a landside prone area in Lichtenstein, south Germany. Physical
(direct) vulnerability of buildings to landslides was related to different factors based on
the construction material, the existence of surrounding wall, the number of floors, the
presence of warning signs and the side of the building facing the unstable slope. Table
3.7 presents the description of the various factors considered for the vulnerability
assessment of the buildings in Lichtenstein area as well as their relevant raw and
standardized scores defined by expert knowledge and judgment. The authors proposed
the use of different weightings of the factors according to the priorities and final purpose

of the vulnerability assessment.

The method presents some major shortcomings mainly associated with the pre-existence

of landslide susceptibility/hazard maps, availability and costs of the required data,
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weighting of the factors, inclusion of landslide related phenomena etc. The results are
highly sensitive to the weighting of the parameters introducing considerable uncertainties
owning to the subjective manner to which these are assigned. A non-linear regression
sensitivity analysis to determine which attribute influences more the overall vulnerability
of the building is proposed by the authors as a potential future improvement of their
study. Recently, Mousavi et al. (2011) also applied this framework to assess the
vulnerability of buildings exposed to earthquake induced landslides in Emamzadeh Ali

area, Iran by carrying out a detailed investigation of each building in the affected zone.

Table 3.7. Data and their relevant raw and standardized scores (after Papathoma et al., 2007)

Field Description of field Description categories Raw score Standardised

(code) score
Concrete 1 0.33
. Material of which the Masonry 2 0.66
Material building is made
9 Other (poor material such as
3 1
wood and stone)
high wall 1 .
Surrounding walls or Strong high wa 0.33
Surround protection especially on Medium wall 2 0.66
the side of the sl
€ side of the slope No/low surrounding wall 3 1
More than one 1 0.5
Floors
One floor 2 1
: Presence of warning Yes - 0.5
Warning ) .
signs of landslides No 2 1
Onl Il 1 0.33
Slope side Description of the side nly wa
of the building facing Small windows 2 0.66
the sl
© slope Large windows 3 1

Zézere et al. (2008) estimated the vulnerability of buildings in a small test site in the
area north of Lisbon (Portugal) under different landslide hazards based on empirical or
historic data, in conjunction with available data on buildings concerning age (state of
maintenance), construction material and function. Vulnerability values (0-1) for the
various building typologies were derived with respect to the different types of landslide
processes (shallow translational slides, translational slides, rotational slides) and

considering their estimated cost of reconstruction (Table 3.8).
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Table 3.8. Building value and vulnerability considering exposure to different landslide types within
the FanhBes-Trancdo test site (Zézere et al., 2008)

Value € Vulnerability
Building type ) Shallow Translational Rotational
m2 Pixel translational . .
) slides slides
slides
Poor tradlt_lor_lal masonry 600 15,000 0.5 1 1
buildings
Poor adobe_ st_one or taipa 600 15,000 0.5 1 1
buildings
Poor other re5|s'tant e_ler_nents 600 15,000 0.4 1 1
(wood, metallic) buildings
Usual tradl_tlopal masonry 1197 29,925 0.5 1 1
buildings
Usual reinf_orc_ed concrete 1197 29,925 0.3 1 1
buildings
Luxurious re|_nf<_)rced concrete 2186 54,650 0.3 1 1
buildings
Heritage traditional masonry 2217 55,425 0.5 1 1

Remondo et al. (2008) performed a detailed inventory of exposed buildings to the study
area of Bajo Deba in northern Spain to quantitatively assess landslide vulnerability and
risk implemented in a GIS platform. Vulnerability values (0-1) for a given landslide
magnitude scenario were obtained by comparing damages experienced in the past (last
50 years) by each type of building with its actual momentary value. The derived
vulnerability values express the degree of potential monetary loss with respect to the

total value of the element.

Uzielli et al. (2008) developed a method for scenario-based, quantitative estimation of
physical vulnerability of structures to landslides based on expert judgment and empirical
data. Vulnerability is defined quantitatively as a product of the landslide intensity I and
the susceptibility S of vulnerable elements using the following simple relationship:
V=1IxS (3.3)
Within their framework, susceptibility of a structure quantifies its capacity to withstand
the landslide action. It was related to two different factors depending on the structure's
typological features and its state of maintenance through an analytical expression. Values
of the partial susceptibility factor for structural type &stv were subjectively assigned for
six categories of structures based on the work of Heinimann (1999) (Table 3.9). The
susceptibility factor for state of maintenance &yy was expressed as the reduced capacity
of structures in comparison with the “very good” category in which maximum capacity is

expected. The authors proposed indicative values that are given in Table 3.10.
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Table 3.9. Values of susceptibility factor for structural typology (Uzielli et al., 2008)

Structural typology Resistance &sty
Lightest, simple structures None 1.00
Light structures Very low 0.90
Rock masonry, concrete and timber Low 0.70
Brick masonry, concrete structures  Medium 0.50
Reinforced concrete structures High 0.30
Reinforced structures Very high 0.10

Table 3.10. Values of susceptibility factor for state of maintenance (Uzielli et al., 2008)

State of maintenance Esmn
Very poor 0.50
Poor 0.40
Medium 0.25
Good 0.10
Very good 0.00

The landslide intensity was defined accounting for both kinetic (e.g. kinetic energy of the
sliding mass) and kinematic (e.g. displacement) characteristics of the interaction
between the sliding mass and the reference area. The proposed general model for the
intensity of a landslide acting on the element at risk was specified as:

I= ks [rg Ix+ ry- Iy] (3.4)

Where
ks = A/A: (3.5)

ks is the spatial impact ratio; A is the area pertaining to the category that is affected by
the landslide; A; is the total area pertaining to the category; r¢ is the kinetic relevance
factor of the category; ry is the kinematic relevance factor of the category; Ik is the
kinetic intensity parameter of the category; and Iy is the kinematic intensity parameter
of the category. Relevance factors were assumed to be dependent on the characteristics
of the particular landslide event and the expected induced damage to the exposed

element. In any case, they need to comply with the constraint: r¢+ ry=1.

The authors acknowledged that the damage caused by a slow moving landslide on a
building is mainly due to the displacement (i.e. kinematic parameter), while kinetic
characteristics could be predominant in case of a rapid movement. In Table 3.11
proposed possible combinations of values for kinetic and kinematic relevance factors are
given for structures for different landslide types (rapid, slow). Figure 3.12 presents the
suggested kinetic and kinematic intensity models for structures (in which C is the velocity

in mm/s of the sliding mass at impact, Dg is the absolute displacement in mm of the
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ground and Dg. is a threshold value of Dg above which complete structural damage or

loss of functionality may be supposed).

Table 3.11. Possible sets of values for kinetic and kinematic relevance factors for structures
(Uzielli et al., 2008)

Landslide type rk ™

Rapid 0.90 0.10

Slow 0.15 0.85
1.00 1.00
0.80 0.804
0.60- 0.601

x =
0.401 0.401
0.201 0.204
0.00 ] ‘ , , ‘

9.00 0.00 0.20 0.40 0.60 0.80 1.00 1.20

1.00E-07 1.00E-05 1.00E-03 1.00E-01 1.00E+01 1.00E+03 1.00E+05
C Immi/s] D/ Da,t
Figure 3.12. Kinetic and kinematic intensity models (Uzielli et al., 2008)

The method allows explicit consideration of the uncertainties in the parameters and
models. However, due to its expert-based nature, critical judgment and objective data
should accompany its application. Kaynia et al. (2008) explored the applicability of this
methodology based on the First-Order Second-Moment (FOSM) approach to estimate
landslide risks to the village of Lichtenstein- Unterhausen in Germany. They
acknowledged that the methodology could be improved by inserting more accurate and
precise models and objective data without requiring modification of its general

probabilistic framework.

Li et al. (2010) based on the work of Uzielli et al. (2008) and Kaynia et al. (2008)
suggested a new quantitative model for vulnerability of buildings based on landslide

intensity I and resistance ability R of the structure to withstand the landslide impact.

The proposed model reads:

r I o5
R? R
2(R-1IY
V=f(I, R) =11.0- (RZ ) o.5<és1.o (3.6)
1.0 %>1.0

Figure 3.13 shows the proposed theoretical changing trend of vulnerability as a function

of intensity / resistance (a) and intensity for different resistance values (b).
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Figure 3.13. Theoretical changing trend of Vulnerability with Intensity/Resistance (a) and
Intensity (b) (Li et al., 2010)

Landslide intensity was defined as a function of dynamic and geometric intensity factors

depending on the relative location of the structure to the landslide area:

dyn dpt

I, -1

dyn dfm

I =

{I | For structures outside landslide area (3.7)

For structures within landslide area

where Iy, is the dynamic intensity factor, Iy is the debris-depth factor (used to evaluate
the elements outside rapid landslide area), and I4n is the deformation factor (mainly

used to evaluate the structures within the sliding mass of a slow landslide).

The dynamic intensity factor was related to the velocity of the sliding mass. For

stationery elements (e.g. structures) the following expression was proposed:

0.00 C<5x107 (mm/s)

I =
o+ T\t (l0g,, C + 6.30) C>5x107 (mm/s)

(3.8)

The debris-depth factor was estimated in proportion to the debris depth (in meters) at
the location of a building. The later was also correlated to the foundation depth of the
structure based on a previous work (Ragozin and Tikhvinsky, 2000) to allow them to
assign tentative vulnerability values at different foundation depths (see Table 3.12). The
deformation factor for structures is defined as the ratio of Ds/Dst, where Ds is the
displacement index of foundation or structure and Dstis a threshold value of Ds above

which complete structural damage or loss of functionality may be expected.

The resistance of the building was related to four different factors, namely the foundation
depth &4, structure type &g, maintenance state &,, and height &y through the

following expression:

Rstr = (Esfd 'Esty 'Esmn 'Esht )1/4 (3.9)
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Table 3.12. Proposed tentative vulnerabilities at different foundation depths (Li et al., 2010)

Depth of foundation Landslide debris
Vulnerability
(including piles), m depth, m
<2 <2 1.0
>2 <20 0.0
Less than a landslide depth 2-10 1.0
10-13 2-10 0.5-1.0
>13 2-10 0.0-0.5
Any >10 1.0

The author recommended values for the last three factors that range from 0.1 (very low
resistance) to 1.5 (very high resistance) whereas they proposed a continuous function
with a minimum of 0.05 and without upper limit for the resistance factor of foundation
depth. Beyond a certain depth, an increase in the foundation depth yielded a marginal

influence on the resistance.

As the previously discussed method proposed by Uzielli et al. (2008), the main limitation
of this method lies again on its expert- based and therefore subjective origin. However,
this approach is generally improved compared to the previous one owning to the
introduction of more refined models and factors concerning both the characterization of

the landslide intensity and the resistance of the structures.

Das et al. (2011) developed a methodology for stochastic landslide vulnerability modeling
and applied it in a region of northern Himalaya, India. A logistic regression method was
adopted for calculating building vulnerability to landslides. This incorporates the
occurrence of landslides as a discrete and dichotomous response variable, and the
locations of the buildings as explanatory variables to generate a conceptually rational
function. The proposed logistic regression model applied to landslide vulnerability of the

buildings was modeled as:
Pr [V,,(s)]=1/ (@ +exp(a,(E,,(s) +a,) (3.10)

where V) (s) is the spatial vulnerability of the buildings, Eyg)(s) the maximum unit cost
of the building and coefficients g, and a; the intercept and coefficient of a Logit function
obtained from the analysis of damage data from the study area. Equation (3.10)
represents a sigmoid curve and assumes that the property accumulation fits a Logit
curve. Historical records of damage information of buildings were assessed while
generating the vulnerability conditions. Vp)(s) values were assessed on the basis of

expected loss considering the maximum building cost for a complete damage condition.
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Obtained Pr [Vy)(s)] values were then used to generate the building vulnerability map
(Fig. 3.14).
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Figure 3.14. Building vulnerability map in a region of northern Himalaya, India (Das et al., 2011)

The authors claim that the proposed stochastic vulnerability framework may form the
basis for a quantitative landslide risk assessment study. However, although the model
offers a comprehensive modeling of uncertainties, a robust building wvulnerability
assessment still remains a challenge principally due to the randomness, complexities and
site specific nature of the landslide processes and the particular characteristics of the

vulnerable structures (e.g. typology, age, height, use etc.).

An interesting approach for the quantification of building vulnerability to landslides is
made by Negulescu and Foerster (2010). The authors proposed an analytical
methodology to estimate the vulnerability of RC buildings to differential settlements due
to different landslide hazards. To this aim, a series of 2-dimensional non-linear static
time-history parametric analyses of a reference single bay- single storey structure were
performed in order to identify one or several response parameters (foundation type e.g.
different links, cross-section geometry, reinforcement degree, displacement magnitudes
and displacement inclination angles) that govern the structural behavior when subjected
to differential settlements. The input to the building model was a displacement load
increasing linearly up to a certain value imposed quasi-statically at one of its supports to
simulate the differential displacement demand of the structure impact by a landslide. The
results of the parametric studies revealed that the parameters mostly affecting the

behavior of the frame elements are the displacement magnitude and inclination angle
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both related to the landslide deformation demand. Structural damage levels were defined
as a function of the local strain limits of steel and concrete constitutive models.
Preliminary fragility curves were constructed as a function of differential displacement for

an encasing RC frame building (Fig. 3.15).

They authors compare their curves with other empirical ones proposed in the literature
(HAZUS 2003; Zhang and Ng, 2005) and they found relatively good correlations.
However, one must note that the derived curves use a different intensity parameter (i.e.
the differential displacement) compared to the literature curves (HAZUS use the
permanent ground displacement while Zhang and Ng (2005) the absolute settlement at
the foundation level). Considering that, their direct comparison (as performed) involves a

great deal of uncertainty and should be made with caution.

The proposed approach, although is a crucial step in the estimation of landslide
vulnerability performed by means of straightforward analytical simulations, it focuses
solely on the analysis of the building response to assess the settlement induced damage
of buildings. Important factors such as the landslide type and mechanism, the triggering
mechanism, the soil —-structure interaction, the relative location of the building to the
potential unstable slope and the corresponding uncertainties associated with them are
not considered in the analysis. The development of analytical fragility curves expressing
building vulnerability to different landslide hazards constitutes also a significant step in
landslide vulnerability research community. However, the use of differential displacement
as an intensity measure generally involves an even greater uncertainty than the
estimation of uniform or average movements (at the foundation level or the sliding

mass) as sufficient field data are often missing.
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Figure 3.15. Fragility curves obtained for a one bay-one storey encasing RC frame building,
considering 4 damage limit states: Slight (LS1), Moderate (LS2), Extensive (LS3) and Complete
(LS4) (Negulescu and Foerster, 2010)
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HAZUS (NIBS 2004) multi-hazard loss estimation methodology is maybe the only
available practical tool to tackle the problem of estimating physical vulnerability of
buildings affected by earthquake triggered landslides. The building damage is estimated
through the use of simplified fragility curves that relate the permanent ground
displacement (PGD) to the probability of exceeding a certain damage state. Different
fragility curves that distinguish between ground failure due to lateral spreading and
ground failure due to ground settlement, and between shallow and deep foundations

were proposed considering one combined Extensive/Complete damage state.

Table 3.13. HAZUS Building Damage Relationship to PGD - Shallow Foundations

Lateral Spread PGD

P[E or C| PGD] Settlement PGD (cm)
(cm)
0.10 5.10 30.50
0.5 (median) 25.40 152.40

Table 3.13 presents the HAZUS Building Damage Relationship to PGD for buildings with
shallow foundations (e.g., spread footings). Thus, lateral spread is judged to require
significantly more PGD to effect severe damage than ground settlement. According to
HAZUS methodology, median PGD values given in the table can be used with a lognormal
standard deviation value of Bpgp = 1.2 to estimate P [E or C|PGD] for buildings on

shallow foundations or buildings of unknown foundation type.

The aforementioned methodology, which is exclusively based on expert judgment,
involves a high degree of subjectivity and simplification as it does not account various
landslide types and mechanisms, soil type, building typology, stiffness of the foundation

as well as different damage states.

3.3.2.1. Discussion

Table 3.14 summarizes all existing approaches for quantifying building vulnerability to
slides with respect to the methodological framework used (e.g. empirical, engineering
judgemental or analytical). It is seen that almost all methods are classified as empirical
or judgemental while some methods are included in both categories. This may be
attributed to the scarce and discrete historic damage data as well as to the great deal of
randomness, uncertainty and complexity associated with them. Only one purely
analytical model based on numerical simulations is found in the literature (Negulescu and
Foerster, 2010) that involves, however, as discussed previously some basic limitations. It
is noticed that even though some recently developed approaches provide analytical

relationships that allow for implementation within a probabilistic framework (e.g. Li et al.,
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2010; Das et al., 2011), their origin is either empirical or heuristic and thus they cannot

be regarded as principally analytical methods.

Table 3.14. Existing methods to assess building vulnerability to slides in relation to the
methodological framework adopted

Methodology to assess vulnerability to slides

Empirical Judgmental/Heuristic Analytical

Galli and Guzzetti (2007) , Zézere Leone et al. (1996), Heinimann

et al. (2008) , Remondo et al. (1999), AGSO 2001, Papathoma et Negulescu and Foerster
(2008), Uzielli et al. (2008), Li et al. (2007), HAZUS (NIBS, 2004), (2010)

al. (2010), Das et al. (2011)  Uzielli et al. (2008), Li et al. (2010)

Based on the above classification, it is recognized that there is a lack of analytical
methodologies to quantify physical vulnerability of structures to slides. This gap aspires
to bridge this thesis by proposing an analytical methodology for the quantification of the
vulnerability of buildings to relative slow moving slides at site specific/local scales
(Chapter 4). Analytical fragility curves are developed for various buildings typologies

interacting with different landslide materials and slope configurations (Chapter 6).
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CHAPTER 4

Vulnerability assessment methodology

4.1 Introduction

In the present chapter an analytical procedure to assess the vulnerability of RC
structures due to earthquake induced landslide displacements is proposed. Part of this
research has recently been published in Landslides scientific journal (Fotopoulou and
Pitilakis, 2012). Vulnerability is described in terms of probabilistic fragility curves, which
describe the probability (P;) of exceeding each limit state (LS;) of a specific element at
risk (i.e. RC building), on a given slope, versus the given landslide intensity measure,

allowing for the quantification of various sources of uncertainty.

In the following sections, the proposed methodological framework is described with a
simplified case study. In terms of numerical computations, a two-step uncoupled
analysis is performed. In the first step, the deformation demand, i.e. total and differential
displacements considering the actual weight and stiffness of the building and its
foundation, due to the landslide hazard is assessed using an adequate non-linear finite
difference dynamic slope model. In the second step, the building response to the
statically imposed landslide differential displacement is estimated using a Finite Element
code. Modeling issues concerning both analysis steps are described in detail. Finally, two
different analytical procedures to develop fragility functions are presented and applied to
quantitatively evaluate the structural vulnerability in landslide risk analysis of specific RC

building typologies and soil conditions.
4.2 Conception and description of the method

The proposed methodology, largely inspired from earthquake risk analysis, is applicable
for the vulnerability assessment of low-rise RC frame buildings impacted by seismically
induced relative slow moving earth slides. It is based on a comprehensive set of
numerical computations and adequate statistical analysis. In terms of numerical

simulation, a two-step uncoupled analysis is conducted. In the first step, a nonlinear Soil-
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Foundation-Interaction analysis is performed using FLAC2D (Itasca, 2008) finite
difference code. Slope dynamic models are subjected to several properly selected ground
motions at their base to estimate the differential permanent displacements at the
building’s foundation level. Soil properties are adequately selected to consider modulus
degradation with shear strains, initial shear stresses and other parameters involved in
the dynamic analysis (Ishihara, 1996; Pitilakis, 2010). Then, the building’s response for
different statically applied ground/foundation differential displacements induced by the
different earthquake time histories with progressively increasing intensities is assessed.
To this aim, the previously computed differential displacements are directly applied as
input quasi-static loads to an appropriate building nonlinear model at the foundation
level. The numerical non-linear static analysis of the building is performed through the
Finite Element code SeismoStruct (Seismosoft, SeismoStruct 2011). It is worth noticing
that the complex issue of combined damages on the building by ground shaking and
ground failure due to landslide is not taken into account in the evaluation of the
building's vulnerability, which is assessed only for the effect of the permanent co-seismic
displacement. In other words, it is supposed that the building is properly designed to
resist even severe ground shaking following modern seismic codes and consequently no
initial damage to the building’s structural members (e.g. in terms of stiffness and

strength degradation) is assumed to occur due to ground shaking.

Appropriate limit states are defined in terms of threshold values of building’s material
strain, based on engineering judgment and the associated work of Crowley et al. (2004),
Bird et al. (2005) and Negulescu and Foerster (2010). Different limit strains are adopted

for “low” and “high” code designed structures.

The fragility curves are estimated in terms of peak ground acceleration (PGA) recorded
on rock outcrop or permanent ground displacement (PGD) at the slope area versus the
probability of exceedance of each limit state. The selection of the most appropriate
landslide intensity measure is generally recommended to be made with consideration of
its predictability, efficiency and sufficiency (Kramer, 2011) (see Chapter 3, § 3.2.1). It is
noticed, however, that when the rock outcropping PGA is used as an intensity parameter
the local soil conditions, surface geology, soil and topographic amplification are directly
included in the fragility analysis. Its use is consistent with the modern seismic hazard
assessment methods applied in the most recent approaches (see SHARE,

http://www.share-eu.org/ and OpenQuake, http://openquake.org/). On the other hand,

PGD that is obtained from the response of the landslide to ground shaking is better
correlated to structural deformation and damage. In addition, its use as an intensity
parameter may allow for direct application to non-earthquake related landslide hazards.

Other parameters such as the maximum differential permanent displacement at the
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foundation level could potentially be used as measures of the landslide intensity.
However, their accurate estimation generally involves a higher degree of uncertainty.
Thus, their use is justified for site-specific applications on critical structures where

adequate data from field measurements and/or detailed numerical analysis are available.

Building classification _
) Limit
e (foundation type, J

states

superstructure)

Capacity of
building

Deformation
demand of
the building

Methodology
for structural
assessment

Methodology for
fragility curve
generation

Fragility
curves

Landslide type
(geometry, soil
properties)

Relative location
of the building to
the landslide

Earthquake
demand

Figure 4.1. Flowchart for the proposed framework of fragility analysis of RC buildings

Figure 4.1 illustrates the framework of the method. The “capacity” of each building is
defined by the building classification (foundation and superstructure type, and geometry,
material strength), while the “demand” is described in terms of induced permanent
ground deformation (slow moving slide) depending on the landslide type, soil conditions
and the relative location of the building to the potential unstable slope. It is noted that
the soil-foundation relative stiffness may also control in a certain degree the deformation
demand for the building (e.g. for the case of a stiff foundation resting on soft soil
material). Thus, the soil-foundation compliance and the geometric constraints imposed
by the rigidity of the foundation system, as well as its potential slippage and/or
detachment with respect to the underlying soil, may alter the free-field displacement
pattern, modifying the deformation demand for the structure. These two components i.e.
building capacity, deformation demand, can be considered as inputs to the simulation
engine, which is the third major component, providing the methodology for structural
assessment. Structural response data obtained by analyzing the building capacity under
the deformation demand is processed to generate fragility curves. Limit states, which are
determined with respect to the building classification and structural characteristics,
selected empirical criteria and expert judgment, are required at this step. The final step

is the construction of the analytical fragility relationships. Similar flowcharts may be
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defined for other triggering mechanisms (intense rainfall, erosion etc.). It is also possible
to construct synthetic flowcharts combining different triggering mechanisms. Further
discussion on the conceptual features of the proposed methodological framework is
highlighted in the following paragraphs. It is noted that some of these features have
already been thoroughly discussed in previous chapters but they are shortly repeated

herein to provide a link with the proposed approach.

The landslide type (rock fall, debris flow, earth slide, etc) is a crucial parameter of the
proposed methodology as landslides of different types and sizes usually require different
and complementary methods to estimate vulnerability. While most devastating damages
to the built environment are probably resulting from the occurrence of rapid landslides
such as debris flows and rock falls, slow-moving slides also have adverse effects to
buildings and lifelines and critical facilities (Mansour et al., 2011; Argyroudis et al.,
2011). The damage caused by a slow moving slide on a single building is mainly
attributed to the cumulative permanent (absolute or differential) displacement and it is
concentrated within the unstable area (see Chapter 3, §3.2.2). A relative slow moving
earth slide that will produce tension cracks due to differential displacement to a RC
building, exposed to the landslide hazard, is considered in this study. Note, however, that
the time scale related to non-earthquake and earthquake induced slow moving slides
studied in this research is different. In particular, the landslide processes associated with
earthquake triggering mechanisms are naturally more rapid as they involve seismic cyclic
loading that may usually last from several seconds to few minutes. Yet, they are
classified herein as “relative slow moving slides” to differentiate them from the
earthquake induced landslides that involve the complete failure of the slope and

displacements of tens of meters.

The characteristics of the earthquake ground motion in terms of amplitude, frequency
content and duration, in relation to the soil dynamic properties and stratigraphy, can
significantly affect the deformation demand for the building. Soil nonlinearity, material
damping, impedance contrast between sediments and underlying bedrock and the
characteristics of incident wavefield are the main governing factors for site
amplification/attenuation (Kramer and Stewart, 2004; Pitilakis, 2010). The slope failure
potential assumes its highest values for a combination of a low-frequency seismic input
motion with a resonance phenomenon in the low-frequency range (Bourdeau et al.,
2004). In general, a fundamental period of the input earthquake close to the natural
period of the site can lead to resonance phenomena and, consequently, to an amplified
energy content of the ground motion (see also Chapter 2, §2.2.2.3 for detailed

description).
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The position of the building with respect to the landslide area is also a very important
contributing factor. Topographic effects may alter the amplitude and frequency content of
the ground motions along slopes (Bouckovalas and Papadimitriou, 2005; Ktenidou, 2010)
(see Chapter 2, §2.2.2.3 for details). Moreover, the effect of soil-structure interaction
due to the presence of a structure at a cliff can further modify the seismic response at
the topographic irregularity with respect to the free-field case (i.e. in the absence of any
structure), depending on the soil-structure impedance contrast, the geometry of the
slope and the dynamic characteristics of the building itself (Assimaki and Kausel, 2007;
D. Pitilakis and Tsinaris, 2010). In the current study, RC buildings of different stiffness
characteristics standing near the slope’s crest, where the seismic ground motion due to

topographic effects is generally amplified, are explicitly considered in the analysis.

For a given landslide mechanism and hazard intensity, the typology of the exposed
structure is also a key factor. A building’s geometry and number of floors, material
properties, state of maintenance, code design level, soil conditions and mainly the
foundation and structure details are the critical parameters which determine the capacity
of the building to withstand co-seismic landslide displacements. The response to
permanent total and differential ground deformation depends primarily on the foundation
type (see also Chapter 3, § 3.3.2). A structure on a deep foundation (e.g. piles)
compared to shallow foundations is more resilient and often experiences higher
resistance ability and hence a lower vulnerability. For shallow foundations, a rigid
foundation, i.e. continuous raft foundation is less vulnerable than a flexible one, i.e.
isolated footings. The soil-foundation relative stiffness is also a dominant parameter.
When the foundation system is rigid the building is expected to rotate as a rigid body and
the anticipated damages or failure is mainly attributed to loss of functionality. In this
case, the damage states are defined empirically, as there is limited structural demand to
the members of the building (apart from possible P-A effects at larger rotations). On the
contrary, when the foundation system is flexible enough allowing differential movement
of the walls or columns (e.g. isolated footings), the various modes of differential
deformation produce structural damage (e.g. cracks) to the building members (Bird et
al., 2005; 2006).

To derive the vulnerability of a building exposed to seismically induced slow-moving
slides, an analytical procedure analogous to that of the response due to seismic
oscillation is proposed. When building response to ground failure and permanent ground
deformations comprises structural damage, damage states can be classified using the
same schemes used for structural damage caused by ground shaking. Limit states could
be defined in terms of limit value of a component’s strain based on damage observation

from previous earthquake events, the existing knowledge related to earthquake damage



74 Seismic Vulnerability of Reinforced Concrete Buildings in Sliding Slopes

levels, and published tolerances for non-earthquake related foundation deformations
(Crowley et al., 2004; Bird et al., 2005). Different limit strains are assigned based on the

construction quality of the building and code adopted in the design.

In the probabilistic approach proposed herein, several uncertainties are involved with
respect to the capacity of the building, the definition of the limit states and the
deformation demand (differential permanent displacement). The uncertainty in the
permanent displacement capacity is a function of the material properties, geometric
characteristics, and the yield strain of steel and post-yield strain capacities of the steel
bars and concrete. The uncertainty in the demand is associated with the ground motion
estimation and additional uncertainties associated with the landslide type and size, the
relative position of the building in the landslide area, the variability in soil parameters in
space and time during the loading, the stratigraphy and the epistemic uncertainties

associated with the assessment of ground deformations.
4.3 Layout- Numerical example
4.3.1 Dynamic analysis of the slope

The conceptual features of the methodology outlined in the previous section are
described in detail through an idealized, yet realistic, example. The deformation demand
in terms of permanent seismic displacements can be estimated either empirically (e.g.
Newmark type methods) or numerically. The numerical approach applied herein is
selected for two reasons: (a) it is more accurate than any empirical method and (b) it
permits the direct estimation of the differential ground/foundation displacements, which
are the main cause of damage. For completeness reasons, the computed total
permanent displacements for specific slope configurations, material properties and
seismic inputs are compared with different Newmark-type displacement approaches in
Chapter 5, §5.2.3.

4.3.1.1. Numerical model

In order to evaluate the permanent differential ground/foundation displacements
(deformation demand) for the building on a given slope, the dynamic non-linear analyses
are performed using the two dimensional (2D) finite difference code FLAC 6.0 (Itasca,
2008). The 2D dynamic calculation is based on the explicit finite difference scheme to
solve the full equations of motion, using lumped gridpoint masses derived from the real
density of surrounding zones. FLAC2D (Fast Lagrangian Analysis of Continua) has been
widely used by many investigators to study the non-linear dynamic response of slopes
and embankments in plane strain conditions (e.g. Bourdeau et al., 2004; Chugh and
Stark, 2006; Bozzano et al., 2008b; Barani et al., 2010; Fotopoulou et al., 2011; Lenti
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and Martino, 2012 etc.) due to its efficiency in modeling nonlinearity, large-strain
problems and physical instability.
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Figure 4.2. (a) Slope and foundation configuration used for the numerical modeling (b) and FLAC
2D dynamic model

A schematic representation of the reference finite slope geometrical and geological
features and the corresponding 2D dynamic slope model used to study the irreversible
deformation demand for the building located near its crest is illustrated in Figures 4.2 a
and b respectively. The model has a total length of 300m and width of 100 m, while the
slope height and inclination are 20m and 30° respectively. It contains approximately 9000
four-node quadrilateral elements of various sizes determined by the shear wave
velocities of the medium and the frequency content of the incident motions. Kuhlemeyer
and Lysmer (1973) showed that for accurate representation of wave transmission
through a model, the element size must be smaller than approximately one-tenth to one-
eighth of the wavelength associated with the highest frequency component of the input

wave. In the present study, the discretization allows for a maximum frequency of at least
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10Hz to propagate through the grid without distortion. A finer discretization is adopted in

the slope area, whereas towards the lateral boundaries of the model the mesh is coarser.

The soil materials are modeled using an elastoplastic constitutive model with the Mohr-
Coulomb failure criterion (shear yield) with tension cutoff (tension yield function),
assuming a zero dilatancy non-associated flow rule for shear failure and an associated
rule for tension failure. The use of such simple model within the framework of this study
is justifiable as it allows more clearly identifying the basic parameters that influence the
estimation of the differential displacement demand for the building. Besides, it serves as
a useful reference against which more complex soil behavior may be compared. Soil
strength properties are properly selected to account for the dynamic ground response.
The influence of the initial shear stress in the strength values is directly taken into
account. It is noticed that the sliding surface is not pre-defined but “emerges” naturally,
following the elastoplastic constitutive law. Two different soil types are selected for the
surface deposits to represent homogenous dry, purely frictional and cohesive materials
corresponding to soil category C of EC8 (CEN-European Committee for Standardization
2003). A stiffer clayey layer (Vs=500 m/sec) is assumed to underlie the surface deposits.
The elastic bedrock (V=850 m/sec) lies at 70 m. The mechanical characteristics for the

soil materials and elastic bedrock are presented in Table 4.1.

Table 4.1. Soil properties of the analyzed slopes

Relatively stiff soil

Stiff soil Elastic bedrock

sand clay
Dry density (kg/m?) 1800 1800 2000 2300
Young's modulus (KPa) 2.93E+05 2.93E+05 1.30E+06 4.32E+06
Poisson's ratio 0.3 0.3 0.3 0.3
Drained B(“K”;ar;‘o‘j“'us K 2.44E+05 2.44E+05 1.08E+06 3.60E+06
Shear modulus G (KPa) 1.13E+05 1.13E+05 5.00E+05 1.66E+06
Cohesion c (KPa) 0 10 50 -
Friction angle ¢ (degrees) 36 25.0 27 -
Dilation angle (degrees) 0 0 0 0
P-wave velocity V, (m/sec) 468 468 935 1590
Shear wave velocity Vi 250 250 500 850
(m/sec)

The static factor of safety of the slope is calculated through a limit equilibrium approach
using the Spencer's method (Spencer, 1967) as Fs=1.45 for the sand and Fs =1.38 for
the cohesive soil material. The critical failure surfaces during seismic loading cover a
wide range from shallow in the case of surface sand deposits to relatively deep for the

surface clayey materials.
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Rayleigh type damping is used in conjunction to the stress-strain constitutive model for
an approximate representation of cyclic energy dissipation. A damping matrix, C, is

used, with components proportional to the mass (M) and stiffness (K) matrices:

(€] = a[M] +B [K] (4.1)

where
a = the mass-proportional damping constant; and
B = the stiffness-proportional damping constant.

Although Rayleigh damping involves two viscous elements in which the absorbed energy
is dependent on frequency, the frequency-dependent effects can be canceled out over a

restricted range of frequencies with the appropriate choice of parameters.

When irreversible strain accumulation takes place the energy dissipation is intended to be
captured through the yield model. However, while stiffness-proportional damping is
turned off when plastic failure occurs within a FLAC zone, mass proportional damping
remains active. Thus, if excessive failure occurs in a model, the mass proportional term
may inhibit vyielding as rigid-body motions that occur during failure modes are
erroneously resisted (Itasca, 2008). In this study, a considerable amount of energy
dissipation is represented by the yield constitutive model considering that extensive
plastic deformation is expected to occur during ground shaking. In this way, the selection
of Rayleigh damping parameters is tend to be less critical to the outcome of the analysis.
Based on the above, a small amount of mass and stiffness -proportional Rayleigh
damping (1 to 3% for the soil materials and 0.5% for the elastic bedrock) is assigned to
account for the energy dissipation during the elastic part of the cyclic response. The
center frequency of the Rayleigh damping (fnin) is selected to lie between the natural
modes of the model, f;= 1.52 Hz and f,=5:f;=7.6 Hz based on common practice (e.g.
Kwok et al., 2007). This range includes the model’s natural frequencies (defined by the
downhill and uphill resonant frequencies respectively) and the predominant frequencies
of the input motions. Figure 4.3 presents the specification of critical damping ratio (for

Emin=3%) and central (minimum) frequency adopted in this study.

Note that hysteretic damping is an alternative algorithm in FLAC to account for the non-
linear hysteretic soil behavior prior yielding. It is considered conceptually more realistic
as it is based on the implementation of fitted G-y-D curves that yield different shear
stiffness and damping levels as a function of cyclic strain. However, its use was
abandoned after some preliminary trial investigation as it was found to be performed
outside its expected range of application, resulting to unrealistically high strain
accumulation and to numerical instability, for the large irreversible deformations

anticipated in the analyzed cases.
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Figure 4.3. Specification of FLAC Rayleigh damping parameters for the present study (§yin=3%,
fmin=3.1 Hz)

Free field absorbing boundaries (Cundall et al. 1980) are applied along the lateral
boundaries whereas quiet boundaries (Lysmer and Kuhlemeyer, 1969) are applied along
the bottom of the dynamic model to minimize the effect of artificially reflected waves
(see Fig. 4.2). Free field absorbing boundaries involve the execution of a one-dimensional
free-field calculation in parallel with the main-grid analysis. The coupling of the free-field
grid to the main grid is achieved by viscous dashpots. In this way, plane waves
propagating upward suffer (almost) no distortion at the boundary because the free-field
grid supplies conditions that are identical to those in an infinite model. Quiet (viscous)
boundaries consist of dashpots attached independently in the normal and shear
directions (Lysmer and Kuhlemeyer, 1969). In order to apply quiet boundary conditions
along the same boundary as the dynamic input, the seismic motions must be applied as
stress loads combining with the quiet (absorbing) boundary condition using the following
relationships:

o 2ecu 2)
where g, and o are the applied normal and shear stresses, respectively, p is the material
density, Cp and Cs are the P- and S-wave velocities, respectively, and v, and v, are the
input normal and shear particle velocities. The factor of two in Egs. 4.1 accounts for the
fact that the amplitude of the applied stress waves must be doubled to keep into account

that half the input energy is absorbed by the viscous boundary.

A RC building is assumed to be located 3m away from the slope crest. Two different

shallow foundation systems are considered (Tab. 4.2): isolated footings and a uniform
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loaded continuous slab foundation. In the first case, the foundation is simulated with
concentrated loads at the footings’ links. As a consequence, no relative slip and/or
separation between foundation and subsoil are allowed. In the second case, the
foundation system is modeled as a deformable elastic beam connected to the soil
elements’ grid through appropriate interface elements that can approximate the potential
Coulomb sliding and/or tensile separation of the beam. The relative interface movement
is controlled by interface stiffness values in the normal (k,) and tangential directions (k)
as well as the maximum interface shear resistance between the soil and the foundation.
The interface properties adopted for the present study are presented in Table 4.3. A first
series of analyses is also conducted for the free-field case, i.e. in the absence of any
structure, to assess the influence of Soil-Foundation Interaction in altering the seismic

slope response in the vicinity of the crest.

Table 4.2. Foundation properties

Foundation system

Properties

Stiff foundation Flexible foundation
Element beam

Width (m) 6
Density (KN/m?) 25

Young's modulus (KPa) 2.90-107

Moment of inertia I (m?) 0.0053
Area (A) (m?) 0.4

Load (KN/m) Unlfgingsdléilt/rggted Concentrated P=50KN/m

Table 4.3. Interface properties

Surface soil layer

Properties
Sand Clay
Norm?LsNt/ii]:r;ess Kn 2.10° 2.10°
Shear stiffness ks (KN/m) 1-10°8 1-10°8
Cohesion c (KPa) 0.0 7.0
Friction angle ¢ (degrees) 24 17
Dilation angle (degrees) 0.0 0.0

4.3.1.2. Seismic loading

Prior to the dynamic simulations, a static analysis is carried out to establish the initial
effective stress field throughout the model. The dynamic input motion consists of SV
waves vertically propagating from the base. Seven different earthquake records are
used for the dynamic analyses (Tab. 4.4). They all refer to outcrop conditions as it is

normally proposed in modern seismic codes (i.e. EC8). No specific soil amplification
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factors are applied, as this is explicitly taken into consideration through the numerical
analysis. The records are selected to cover a wide range of seismic motions in terms of
the seismotectonic environment, amplitude, frequency content and significant duration.
Figure 4.4 presents the normalized 5%-damped elastic response spectra of the input
motions together with the proposed elastic design spectrum of EC8 (CEN-European

Committee for Standardization 2003) for soil type A (rock).

Table 4.4. Selected outcropping records used for the dynamic analyses

Earthquake Record station My R (km) PGA (g)
Valnerina, Italy 1979 Cascia 5.9 5.0 0.15
Parnitha, Athens 1999 Kypseli 6.0 10.0 0.12

Montenegro 1979 Hercegnovi Novi 6.9 60.0 0.26
Northridge, California 1994 Pacoima Dam 6.7 19.3 0.41
Campano Lucano, Italy 1980 Sturno 7.2 32.0 0.32
Duzce, Turkey 1999 Mudurno_000 7.2 33.8 0.12
Loma Prieta, California 1989 Gilroy1 6.9 28.6 0.44
4 T T T T T T T
T W . ST WY DU SR SO - ST S i

: 5 || =——ECg - Ground type A |
25¢ g m— Aerage ----------- ---------- .
] | e Average - 1sd :
Average + 1=d

Se(T)/ ag

Figure 4.4. Normalized average elastic response spectrum of the input motions in comparison with
the corresponding elastic design spectrum for soil type A (rock) according to EC8

Before applying the selected outcropping records (target motions) the appropriate
dynamic loading for the base of the FLAC model needs to be determined. Thus, the time
histories are first subjected to baseline correction and filtering to assure an accurate
representation of wave transmission through the model. In particular, a Butterworth

bandpass 4" order filter type in the frequency range from f;=0.25 Hz to f,=10 Hz and a
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linear type baseline correction were applied to all records using Seismosignal computer
software (Seismosoft, Seismosignal 2011). Moreover, due to the compliant base used in
the model the appropriate input excitation corresponds to the upward propagating wave
train that is taken as one-half of the target outcrop motion (Mejia and Dawson, 2006).
Note that the acceleration time histories at the base are integrated to obtain velocities
which are then converted into stress histories using Eq. 4.2. The selected input time
histories are scaled to four levels of peak ground acceleration, namely PGA=0.3, 0.5, 0.7
and 0.9g. This is done in order to assess the building response for a range of ground
differential displacement and to allow the evaluation of fragility curves for different limit

damage states.

4.3.1.3. Results
Numerical computations are carried out in large-strain mode to ensure sufficient accuracy

considering that large deformations are expected to occur.

Figures 4.5 and 4.6 present representative graphs of the maximum absolute (point A in
Fig. 4.2b) and differential (A-B, Fig. 4.2b) horizontal and vertical permanent
displacement time histories at the closest edge of the assumed building from the slope’
crest (i.e. 3 m) considering stiff and flexible foundations for the building and at the same
location in the absence of any structure (free field conditions). A variety of such graphs is
given for both sand and clayey surface slope layers and for two different input motions
(cascia, pacoima) scaled at two PGA levels, namely 0.3 g and 0.7 g. Various trends are
revealed from these comparative plots. A first general observation is that the presence of
a structure next to the slope’s crest may contribute in altering the free field response of
the slope and the corresponding deformation demand for the building. The level of this
differentiation depends primary on the foundation type (flexible, stiff). The building on
flexible foundations seems to follow more closely the free field movement both in terms
of absolute and differential displacement. On the other hand, when the soil-foundation
interaction (building on stiff foundations) is considered, the differential horizontal
displacements at the beam foundation are practically zero and the total (vector)
differential displacement demand for the building is generally decreased due to the
continuity and stiffness of the foundation slab. The displacement patterns are also greatly
influenced by the surface soil conditions (sand, clay). As shown in the figures, for the
sand slope case the building founded on flexible foundations displays larger absolute and
differential displacements compared to the free field conditions and the corresponding
building on continuous stiff foundation. On the contrary, for the clayey slope case, while
the free field absolute movement is generally reduced, the corresponding differential
movement is larger compared to the stiff and flexible foundation conditions. Thus, the

presence of the structure’s foundation near the crest of the clay slope is found to shift
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the original free field position of the sliding surface towards the inner part of the slope
resulting to more uniform movements and reduced differential deformation potential for
the assumed building. The characteristics of the input motion (cascia, pacoima) as well
as the level of shaking (0.3g, 0.7g) are also important influential parameters yielding to
modified absolute and differential displacement patterns with respect to the free field
response. Finally, it's worth noting that the flattening of the displacement versus time
curves is representative of zero residual velocities after the action of seismic shaking

implying that the a general landslide resulting to the complete failure of the slope has not

occurred.
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Figure 4.5. Absolute and differential horizontal and vertical displacement time histories at the
closest edge of the assumed building from the slope’ crest (i.e. 3.0 m) considering stiff and flexible
foundations for the building and at the same location in the absence of any structure for two
different input motions (cascia, pacoima) scaled at two PGA levels (0.3, 0.7 g) (sand slope).
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Figure 4.6. Absolute and differential horizontal and vertical displacement time histories at the
closest edge of the assumed building from the slope’ crest (i.e. 3.0 m) considering stiff and flexible
foundations for the building and at the same location in the absence of any structure for two
different input motions (cascia, pacoima) scaled at two PGA levels (0.3, 0.7 g) (clay slope).

Figures 4.7 and 4.8 present the maximum computed values of permanent ground
displacement at the slope area in relation to the corresponding differential displacements
at the foundation level for the different foundation configurations and soil types. A
strong, linear correlation between the two variables is detected in all cases. Thus,
differential deformation can be easily determined by the residual maximum slope
displacement using an appropriate linear expression. While the maximum calculated
slope displacements are found to be of the same order of magnitude for both sand and
clay slopes, the resulting differential displacement for the building is strongly reduced for
slopes consisting of cohesive soil material, implying that in that case the building is

primarily expected to move uniformly as a rigid body rather than to distort differentially.
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Figure 4.7. Regression of differential displacement vector for buildings with flexible (top) and stiff

(bottom) foundation system on the maximum computed permanent ground displacement (sand

slope).
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Figure 4.8. Regression of differential displacement vector for buildings with flexible (top) and stiff
(bottom) foundation system on the maximum computed permanent ground displacement (clay
slope).

Figures 4.9 and 4.10 depict the maximum values of differential displacements for the
building with flexible and stiff foundation system founded on sand and clay soil
respectively. It is observed that the specific characteristics (frequency content and
duration) of the seismic ground motions can significantly affect the magnitude of the

computed differential displacement at the foundation level. In particular, for all analyzed
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cases, the maximum and minimum differential displacements are estimated when

applying the sturno and gilroy time histories respectively.
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4.3.2 Non linear static analysis of the RC structures

The analysis of the building is conducted using the finite element code SeismoStruct
(Seismosoft, SeismoStruct 2011), which is capable of calculating the large displacements
of space frames under static or dynamic loading, taking into account geometric
nonlinearities and material inelasticity. The code is widely and successfully used in
structural earthquake engineering. Both local (beam-column effect) and global (large
displacements/rotations effects) sources of geometric nonlinearity are automatically
taken into account. Distributed elements are used based on the so-called “fibre
approach” to represent the cross-section inelastic behaviour, where each fibre is
associated with a uni-axial stress-strain relationship (see Fig. 4.11). The sectional stress-
strain state of beam-column elements is then obtained through the numerical integration
of the nonlinear uni-axial stress-strain response of the individual fibres (typically 300-
400) in which the section has been subdivided. In displacement-based (DB) finite
element formulation using nonlinear models, structural elements should be subdivided
into a number of segments (typically 4 to 5) and the delimiting sections follow the
Navier-Bernoulli approximation (plane sections remain plane). In the present analysis,
the frame sections have been discretized into 300 fibres and the structural members, into
4 elements. Nonlinear static time-history analyses are performed for all numerical
simulations. The differential permanent displacement curves, directly extracted from the
FLAC dynamic analysis, are statically imposed at one of the RC frame supports (see Fig.
4.12).
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Figure 4.11. Discretisation in fibre modelling of a typical reinforced concrete cross-section
(Seismosoft, Seismostruct 2011)

The herein studied buildings are single bay-single storey RC bare frame structures with

two foundation types: flexible foundation system (isolated footings) and stiff but not
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completely rigid foundation system (continuous uniformly loaded foundation of finite
stiffness characteristics) (Fig. 4.12). The beneficial contribution of masonry infill walls to
the building capacity is not considered in this study. The building’s height and length are
3.0 m and 6.0 m respectively. All columns and beams have rectangular cross sections
(beam: 0.30x 0.50 m, column: 0.40x 0.40m). The structures have been designed
according to the provisions of the Greek Seismic Code (EAK, 2000), for a design
acceleration Ay = 0.36 g, and a behavior factor g = 3.5. The adopted dead and live loads
(g = 1.3 kN/m? and q = 2 kN/m?) are typical values for residential buildings. The
longitudinal section reinforcement degree used is 1% for the columns and 0.75% for the

beams.

The use of single bay-single storey structures is justified from the observation that the
number of storeys and bays do not seem to comprise crucial parameters in the
determination of the building’s performance subjected to permanent ground
displacements. The latter is also discussed in Bird et al. (2005) and Negulescu and
Foerster (2010) for the vulnerability assessment of RC buildings due to differential
settlements. Hence, one bay-one storey RC structures despite their simplicity are found

to be adequately representative of the performance of real low-rise RC frame buildings.

1 2 1’ 2’

< 6m

v
A
v

6m

Figure 4.12. Single bay-single storey RC frame buildings with flexible (a) and stiff (b) foundation
system and displacement loading pattern considered for the non-linear quasi-static analysis

The material properties assumed for the structural members of the reference RC
buildings are described below. A uni-axial nonlinear constant confinement model (Fig.
13a) is used for the concrete material (f.=20MPa, f,=2.1MPa, strain at peak stress
0.002mm/mm, confinement factor =1 for unconfined and 1.2 for confined concrete,
specific weight=24KN/m?), assuming a constant confining pressure throughout the entire
stress-strain range (Mander et al., 1988). For the reinforcement, a uni-axial bilinear
stress-strain model with kinematic strain hardening (Fig. 13b) is utilized (f,=400MPa,
E=200GPa, strain hardening parameter y =0.005, specific weight=78KN/m?>). This model
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is characterized by easily identifiable calibrating parameters and by its computational
efficiency. Note that only nonlinear models are suitable for the analysis since cracking
and irreversible deformation is expected to govern the behavior of the RC structural

members.

Figure 4.13. Stress-strain models for concrete (a) and steel (b) material

A sensitivity analysis is performed for the reference building cases, which allows for
indentifying the influence of different parameters on the structural response and to
develop a probabilistic framework for the damage estimation. The parameters selected to
vary are the following: yield strength of steel (f,=210, 400, 500 MPa), compressive
(fe=16, 20, 30 MPa) and tensile (f;=2.0, 2.1, 3.0 MPa) strength of concrete,
reinforcement ratio (p=0.8%, 1%, 1.2% for columns and p=0.55%, 0.75%, 0.95% for
beams) and confinement factor (1.0, 1.2, 1.3). The analyses are conducted for
progressively increasing levels of differential displacements provided by the computed
dynamic stress strain analysis for increasing amplitudes of input acceleration time
histories. For each analysis, the peak response of the structures in terms of maximum
strain is recorded. The yield strength of steel material is proved to be the most influential
factor for both buildings with stiff and flexible foundations resulting to an average

variation on the results of 25% for the stiff and 20% for the flexible foundations.

The deformed shapes of buildings with flexible foundation system are essentially the
same irrespective of the variability in the strength parameters and the level of the
displacement demand in terms of imposed differential ground/foundation deformations,
observation that is in accordance with Bird et al. (2005). The same trend is observed for
the buildings with stiff foundation (Fig. 4.14). In both building typologies, a column
failure mechanism is detected. The reason is that the axial stiffness of the beams is
generally much higher compared to the flexural stiffness of the columns. Moreover, in the
case of buildings with flexible foundations, the applied differential displacement vector is
mainly governed by the horizontal component that governs the deformation mode (Fig.

4.14a). On the contrary, in buildings with stiff foundation system the applied
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displacements are practically vertical (Fig. 4.14b). Thus, the inclination of the applied
differential permanent displacement constitutes a fundamental parameter in determining
the deformed shape of the building when subjected to a permanent displacement at the

foundation level.

1 (a) |

7z

L’ X ':I-
. (b)

Figure 4.14. Deformed shapes for buildings with flexible (b) and stiff (b) foundations
4.4 Fragility functions

Analytical fragility curves are derived for low-rise (single bay- single storey) RC buildings
with varying stiffness of the foundation system founded in the vicinity of a slope
consisting of two different soil materials: a typical sand and a typical clay. Different
methodologies are applied to estimate the parameters of fragility functions, namely the
regression analysis method (e.g. Nielson and DesRoches, 2007; Argyroudis and Pitilakis,
2012) and the maximum likelihood method (e.g. Shinozuka et al., 2000), to investigate
the influence of epistemic uncertainties (stem from lack of knowledge) on the fragility
estimates. The landslide intensity is expressed in terms of peak horizontal ground
acceleration (PGA) at the seismic bedrock that is the initial triggering force of the slow
moving slide or alternatively in terms of permanent ground displacement (PGD) at the

slope area (i.e. a product of PGA). The latter one is generally better correlated to
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structural damage and allows for direct comparisons to non-earthquake related landslide
damages to buildings. It is worth noting that the final deformation demand for the
building will be the permanent differential displacements at the foundation level,

irrespective of the intensity measure used in the fragility analysis.

4.4.1 Definition of limit states

The definition of limit states constitutes an important step in the construction of the
fragility curves. The definition and selection of realistic limit damage states are of
paramount importance since these values have a direct effect on the evaluation of the
fragility curve parameters. In this study, a local damage index (DI) describing the steel
and concrete material strains is introduced to identify the building performance in terms
of damages and to construct the corresponding fragility curves. Within the context of a
fibre-based modelling approach, as implemented in SeismoStruct, material strains
usually constitute the best parameter for identifying the performance state of a given
structure (Seismosoft, SeismoStruct 2011). In all cases analyzed, the steel strain (&)
yields more critical results. Thus, it was decided to adopt only this parameter as a
damage index. In this way, it is possible to establish a relationship between the
damage index (&) and the landslide intensity defined in terms of PGA at the seismic
bedrock or PGD at the slope area, for different building typologies and consequently to

assign a median value of PGA or PGD to each limit state.

The next step is the definition of the limit states. Based on the work of Crowley et al.
(2004), Bird et al. (2005; 2006), Negulescu and Foerster (2010) and proper engineering
judgment, 4 limit states (LS;, LS,, LS3, LS,) are defined. Considering that low code RC
buildings are poorly constructed structures characterized by a low level of confinement,
the limit steel strains needed to exceed post yield limit states should have lower values
compared to high code properly constructed buildings. As a consequence, it was decided
to adopt different limit state values to derive exceedance of extensive and complete
damage for low and high code frame RC buildings. A qualitative description of each
damage state for reinforced concrete frames is given in Table 4.5, while the limit state
values finally adopted are presented in Table 4.6. They describe the exceedance of
minor, moderate, extensive and complete damage of the RC building. The first limit
state is specified as steel bar yielding that is the ratio between yield strength and
modulus of elasticity of the steel material. For the rest, mean values of post-yield limit
strains for steel reinforcement and concrete material (for completeness) are suggested,

as shown in Table 4.6.
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Table 4.5. Structural damage state descriptions for RC frame buildings (Crowley et al. 2004)

Structural damage band Description

Linear elastic response, flexural or shear type
hairline cracks (<1.0 mm) in some members, no
yielding in any critical section

None to slight

Member flexural strengths achieved, limited
ductility developed, crack widths reach 1.0 mm,
initiation of concrete spalling

Moderate

Significant repair required to building, wide
flexural or shear cracks, buckling of longitudinal
reinforcement may occur

Extensive

Repair of building not feasible either physically
or economically, demolition after earthquake
required, could be due to shear failure of
vertical elements or excessive displacement

Complete

Table 4.6. Definition of limit states for “low” and “high” code design RC buildings

Limit strains —low code Limit strains —high code

Limit state Steel strain (c.) Concr((ege) strain Steel strain (<.) Concr((e;e) strain
C C
Limit State 1 Steel bar yielding - Steel bar yielding -
Limit State 2 0.0125 0.0045 0.0125 0.005
Limit State 3 0.025 0.006 0.04 0.010
Limit State 4 0.045 - 0.06 -

Figures 4.15 and 4.16 present representative plots of damage evolution expressed in
terms of maximum strain as a function of PGA and PGD for low-rise, “high code”
designed RC frame buildings with stiff and flexible foundation system resting close to the
crest of the sand and clay slopes respectively. The corresponding threshold values of

steel strain for each limit state are also shown.
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Figure 4.15. Maximum recorded strain as a function of PGA (left) and PGD (right) for 1bay-1story
RC frame buildings with stiff and flexible foundation system on top of a sand slope
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Figure 4.16. Maximum recorded strain as a function of PGA (left) and PGD (right) for 1bay-1story
RC frame buildings with stiff and flexible foundation system on top of a clay slope
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4.4.2 Construction of the fragility curves

To construct the fragility relationships, appropriate cumulative distribution functions have
been generated, in line to previous studies (e.g. Shinozuka et al. 2000; NIBS, 2004;
Pinto, 2007; Nielson and DesRoches, 2007; Koutsourelakis, 2010; Argyroudis and
Pitilakis, 2012 etc.). The probability of exceeding a given limit state LS;, of the structural
damage, for a given intensity measure (IM) is mathematically expressed as a two-

parameter cumulative lognormal distribution function:

1. (IM
F(IM) = @ {E In {Wﬂ (4.3)

Where:
IM is the intensity measure in terms of PGA at the outcrop or PGD at the slope area

@[] is the standard normal cumulative distribution function,

M is the median value of PGA or PGD at which the building reaches the limit state, i,

B; is the standard deviation of the natural logarithm of PGA or PGD for limit state, i.

The median values of peak ground acceleration or permanent ground displacement that
correspond to each limit state can be defined as the values that corresponds to the 50%
probability of exceeding each limit state. The standard deviation values (B) describe the
total variability associated with each fragility curve. The most commonly analyzed
uncertainty sources are associated to the structure's capacity and demand and the
definition of damage limit states (e.g. NIBS, 2004; Pinto, 2007). A common B value is
usually adopted for all limit states, assuring the coherence in probability for the different

damage limit states (e.g. Shinozuka et al., 2003).

Two different procedures are applied herein to estimate the fragility parameters (median
and log-standard deviation) given the simulated damage data. The first one, is based on
a regression analysis method (e.g. Nielson and DesRoches, 2007; Argyroudis and
Pitilakis, 2012) whereas the second is based on a purely statistical approach, i.e. the

maximum likelihood method.

4.4.2.1. Regression analysis method

The method is basically based on the establishment of an analytical relationship between

the calculated damage index in terms of maximum steel strain (demand on the
structure) and the landslide intensity parameter (PGA or PGD) to assign median IM, for
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each limit state. This relationship describes the evolution of damage for an increasing

level of seismic intensity.

According to HAZUS (NIBS, 2004) three primary sources contribute to the total variability
for any given limit state, namely the variability associated with the definition of the limit
state value, the capacity of each structural type and the demand (seismic demand,
landslide type, relative position of the structure to the landslide). The uncertainty in the
definition of limit states (B.s), for all building types and limit states, is assumed to be
equal to 0.4 while the variability of the capacity (Bc) is assumed to be 0.3 for “low code”
and 0.25 for “high code” buildings (NIBS, 2004). The third source of uncertainty
associated with the demand (Bp), is taken into consideration by calculating the variability
in the results of the numerical simulation (in terms of maximum steel strain). It should
be mentioned that this variability is different for the different intensity measures
considered. Assuming that these three component dispersions are statistically
independent, the total uncertainty (B) is estimated as the root of the sum of the squares

of the component dispersions (NIBS, 2004).

A slightly different procedure is used to assess the fragility parameters when using PGA
and PGD as measures of the landslide intensity, following the work of Kwon and Elnashai
(2007). In the former case, a lognormal probabilistic distribution of the damage index is
assumed for the different applied input motions at each intensity level (0.3, 0.5, 0.7,
0.9g). The log-standard deviation associated with the demand By is estimated as the
average dispersion of the damage index for the different applied input motions at each
PGA level. The median values of PGA for the predefined limit states are estimated
through an applied non-linear regression fit (see Fig. 4.17a). In the latter case, a
quadratic relationship between the PGD and the steel strain (in the log-log space) is
established and the median PGD values for each limit state are assigned based on the
non-linear regression analysis and the specified limit states. The log-standard deviation
on the demand Bp (corresponding to confidence interval 68%) is estimated from the

dispersion of the simulated data around the estimated median curve (see Fig. 4.17b).

Figure 4.17 presents representative plots of PGA- In(gs) and In(PGD)- In(gs) analytical
relationships for the building with flexible foundation system resting close to the crest of
the sand slope. The process of obtaining the median PGA and PGD values for each limit

state is also shown.
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Figure 4.17. PGA- In(&) (@) and In(PGD)- In(&s) (b) relationships for the building with flexible
foundation system resting close to the crest of the sand slope.

The median and B values of each limit state for buildings with flexible and stiff foundation
system located near the crest of the sand and clay slope are given in Tables 4.7 and 4.8

for IM in terms of PGA at the outcrop and PGD at the slope area respectively.

It is noted that some extrapolation of the median regression curve beyond the limits of
the data set was performed to allow for the derivation of median PGA and PGD values for

all limit states. For certain analysis cases (e.g. clay slope- stiff foundation system),
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however, median values of LS; and LS, are not provided. This is due to the fact that the
simulated maximum strains in that cases are much lower compared to the corresponding
predefined limit state values and thus further extrapolation to higher PGA/PGD levels
would possibly lead to unrealistic predictions of the median PGA and PGD values of LS;
and LS,.

Figures 4.18 to 4.21 illustrate the derived sets of fragility curves for the different building
configurations and soil types. “"High code” designed RC structures are considered herein.
Similar fragility relationships, which are generally associated with a more rapid transition
from low levels of damage to collapse, could also be constructed for “low code”

structures.

Table 4.7. Parameters of fragility functions for PGA based on the regression analysis method

Soil type Foundation Median PGA (g) Dispersion
type LS1 (g) LS2 (g) LS3 (g) LS4 (g) B
Sand Flexible 0.29 0.36 0.59 0.84 0.81
Stiff 0.31 0.62 1.70 - 0.82
Clay Flexible 0.38 0.83 1.41 1.71 0.82
Stiff 0.53 1.78 - - 0.69

Table 4.8. Parameters of fragility functions for PGD based on the regression analysis method

Soil type Foundation Median PGD (m) Dispersion
type LS1 (m) LS2 (m) LS3 (m) LS4 (m) B
Sand Flexible 0.14 0.45 1.06 1.47 0.62
Stiff 0.25 1.07 2.53 3.36 0.55
Flexible 0.25 1.09 2.27 2.87 0.53
Clay

Stiff 0.52 3.31 - - 0.55
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Figure 4.18. Fragility curves for low rise-RC buildings with flexible foundation system on sand
slope based on the regression analysis method
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Figure 4.19. Fragility curves for low rise-RC buildings with flexible foundation system on clay slope
based on the regression analysis method
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Figure 4.20. Fragility curves for low rise-RC buildings with stiff foundation system on sand slope
based on the regression analysis method
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Figure 4.21. Fragility curves for low rise-RC buildings with stiff foundation system on clay slope
based on the regression analysis method
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4.4.2.2. Maximum likelihood method

The Maximum Likelihood (ML) method is a commonly used approach to estimate the log-
normal parameters of the fragility curves (median and log-standard deviation). The
maximum likelihood function gives, among the possible values of the fragility
parameters, the ones that maximize the likelihood of obtaining the simulated dataset.

The likelihood function is expressed as (Shinozuka, 2000):
N
L=TI[F(IM )] [1-F(IM, )] (4.4)
i=1

F (.): represents the lognormal fragility distribution for a certain limit state (see Eq. 4.3)

IM;: is the intensity measure in terms of PGA at the outcrop or PGD at the slope area

yi: represents the realization of the Bernouilli random variable Y; with y; = 1 or 0
depending on whether or not the structure sustains the specific state of damage under
the IM equal to IM; and N is the total number of simulations.
The two fragility parameters M and B (see Eq. 4.3) are computed so asto maximize InL
(and hence L) satisfying the following equations:
dinL dinL
diM ~ dp

0 (4.5)

Considering a common B for all limit damage states the likelihood function can be

introduced as (e.g. Shinozuka et al 2003; Argyroudis, 2010):

N 4

L(IM,,IM,,IM,,IM,, B) = P(IM,; E;)" (4.6)
i=1 j=0

Where
E; the specified damage state for no damage (j=0), at least slight damage (j=1), at least

moderate damage (j=2), at least extensive damage (j=3) and complete damage (j=4).

yi=1 if the damage state E; occurs for the i simulation of the structure subject to the
landslide intensity IM,. and 0 otherwise. The computation is performed numerically using

a standard optimization algorithm.

As already discussed previously, three primary sources of uncertainty contribute to the

total variability:

- the uncertainty on the demand that is taken into account from the dispersion of

the recorded damage indices (maximum strain) as a function on the selected IM,

- the damage state definition uncertainty that is accounted for by performing a
Monte Carlo simulation for the simulated damage data considering a lognormal

distribution for the specified limit states in accordance to the pertinent literature
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(Crowley et al., 2004) with median the already defined limit state values (see
Tab. 4.6) and coefficient of variation equal to 0.4.

- the capacity uncertainty is added to the results of the analysis through the
following expression:

B=B*+B’ (4.7)

Where [’ the variability associated with the demand and the definition of limit states and
Bc is taken equal to 0.25 or 0.30 depending on the code design level of the structures
(e.g. NIBS, 2004).

Table 4.9. Parameters of fragility functions for PGA based on the Maximum likelihood method

. Foundation Median PGA (g) Dispersion
Soil type
type LS1 (g) LS2 (g) LS3 (g) LS4 (g) B
Sand Flexible 0.22 0.39 0.58 0.81 0.37
an
Stiff 0.34 0.75 1.12 1.61 0.40
Cla Flexible 0.29 0.61 1.0 1.37 0.39
y Stiff 0.45 1.51 - - 0.51

Table 4.10. Parameters of fragility functions for PGD based on the Maximum likelihood method

Soil type Foundation Median PGD (m) Dispersion
type LS1 (m) LS2 (m) LS3 (m) LS4 (m) B
Sand Flexible 0.14 0.37 0.80 1.54 0.42
Stiff 0.25 0.99 2.29 - 0.45
Flexible 0.24 0.96 2.35 - 0.46
Clay

Stiff 0.42 3.86 - - 0.74




108 Seismic Vulnerability of Reinforced Concrete Buildings in Sliding Slopes

Sand slope erX|bIe foundatlon system

=
.|

)
s

P{ LS>LSi/PGA)
o o
|

o
[
]

I

i LN O TN = N TR SO, S
o | D [ L v . . T
_‘/A [ S e | Sl |_S3 _‘_LS4
I = T
0 0.5 1 1.5 2
PGA (g)

Sand slope- erX|bIe foundatlon system

=
|

)
5

=
I
i

P{ LS=LSi/PGD)
i
L

=
L¥N)
T

1

LI R Y R I e S S S S S S S S |
|+L81 A S| 55— 5
08 T T T
0] 1 z 3 4 =)

PGD (m)

Figure 4.22. Fragility curves for low rise-RC buildings with flexible foundation system on sand
slope based on the Maximum likelihood method



CHAPTER 4: Vulnerabi

lity assessment methodology

109

2 gt O
~om W e

)
o

P{ LS>LSi/PGA)
o o
|

.
[

=
M

0.1

=
|

)
5

P{ LS>LSi/PGD)
o o
|

.
[

=
M

0.1

Clay slope- flexible foundation system

PGA (g)

Clay slope- flexible foundation system

............... ﬁf
B ST e & 5 5 |
| 7 [—#—1s1 ——152 ——153
....... ;,'fﬁ ...... ................. ................. ................ i,
. SRR S—— e ]
............... s
b i | i
0 1 2 3 4 5
PGD (m)

Figure 4.23. Fragility curves for low rise-RC buildings with flexible foundation system on clay slope

based on the Maximum likelihood method
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Figure 4.24. Fragility curves for low rise-RC buildings with stiff foundation system on sand slope
based on the Maximum likelihood method
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Figure 4.25. Fragility curves for low rise-RC buildings with stiff foundation system on clay slope

based on the Maximum likelihood method
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4.4.2.3. Comparison between the methods

The differences on the fragility curves when applying the two different approaches are
due to the different assumptions adopted in each method and clearly identify the
influence of epistemic uncertainty on the fragility analysis. In particular, the two methods
estimate medians in terms of PGA and PGD that are generally in good agreement. The
estimated B values from the two methods are quite similar when using PGD as a
landslide intensity measure whereas it presents a large dispersion in case that the PGA is
used as an intensity parameter. More specifically, it is shown that the maximum
likelihood method predicts quite smaller log-normal standard deviations. In that sense, it
may be concluded that for the given dataset the maximum likelihood method is more
efficient compared to the regression analysis method when considering PGA as a

measure of the landslide intensity.
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Figure 4.26. Comparison of Fragility curves in terms of PGA (left) and PGD (right) developed
based on the regression Analysis (RA) and the Maximum likelihood (ML) methods

4.4.3 Discussion

As expected, the building with stiff foundation system would sustain less damage due to
earthquake induced slow moving slides, compared to the same building with the flexible
foundation system. The soil type (dry sand or clay in our case) is also proved to play a
significant role in assessing the building’s vulnerability standing near the crest of
potentially precarious slopes. It is observed that buildings with the same structural and
stiffness characteristics located on slopes of cohesive material behave much better
compared to sandy slopes when subject to differential deformation. More specifically,
among the structures analyzed, the ones with flexible foundations located on sand slopes
present the highest vulnerability whereas the corresponding ones with stiff foundations

located on clay slopes appear to be the least susceptible to damage.

It should be noted that only the structural damage of the building members is considered
in this research. The total damage (structural and non-structural) will be quite different
(certainly larger) in case of the building with the stiff foundation as a considerable

amount of damage may be attributed to the rotation of the whole building as a rigid
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body. In the latter, the damage can only be defined using empirical criteria and expert
opinion (Bird et al., 2005). Furthermore, it is worth pointing out that the complex issue
of combined damages due to ground shaking and ground failure is not taken into account
in the evaluation of building's vulnerability. Thus, no strength or stiffness degradation to
the building’s structural members due to the effect of ground shaking is assumed to
occur. Neither are aging effects such as concrete or steel corrosion considered in the
present chapter. It is implicitly assumed that the maintenance of the building is
conducted in an optimal manner. A first attempt to include these effects within the
vulnerability assessment framework and to propose time-variant fragility functions is

presented in Chapter 8.

The derived fragility curves are valid only for the specific combination of geometry,
material properties and limit states used herein; their use to other geometric
configurations and site conditions should be made with caution. In order to derive
generic fragility functions for the assessment of the seismic risk and to design
appropriate mitigation measures at building or aggregate scale, an extensive numerical
parametric analysis considering various building typologies, slope configurations and soil

properties should be carried out. Such analysis is presented in Chapter 6.

The reliability and accuracy of the proposed methodology is assessed through the
comparison of the analytically derived fragility curves with literature ones and recorded
building damage data from two real case histories: Kato Achaia slope in Peloponnese -

Greece and Corniglio village-Italy case study (Chapter 7).



CHAPTER B

Newmark- type displacement methods:
Comparison with numerical results

5.1 Introduction

The sliding-block analogy proposed by Newmark (1965) still provides the conceptual
basis on which all displacement-based methods have been developed. Since then,
however, several variations of Newmark's method have been proposed with the aim to
yield more accurate estimates of slope displacement. This has been accomplished by
proposing more efficient ground motion intensity measures (e.g. Crespelllani et al.,
1998; Jibson, 2007; Watson-Lamprey and Abrahamson, 2006; Saygili and Rathje, 2008),
improving the modeling of dynamic resistance of the slope characterized by its yield
coefficient (e.g. see Bray, 2007) and by analyzing the dynamic slope response more
rigorously (e.g. Bray and Travasarou, 2007; Ausilio et al., 2008; Rathje and Antonakos,
2011). In terms of their assumptions to analyze the dynamic slope response,
displacement based methods can be classified into three main types (Jibson, 2011): rigid

block, decoupled and coupled.

A short description of the different types of Newmark-type displacement methods as well
as recommendations for the selection of the most appropriate ones have already been
presented in Chapter 2, § 2.3.3. The focus in this chapter is first on the description of
three different displacement -based models (one of each type): the conventional
analytical Newmark rigid block, the Rathje and Antonakos (2011) decoupled and Bray
and Travasarou (2007) coupled model that have been selected to assess the expected
slope displacements. Then, after providing a short literature review on the reliability
assessment of various displacement based methods for site specific applications, a
comparison of the three Newmark-type procedures is attempted to assess their relative
predictive capability considering various earthquake scenarios and different compliance of
the sliding surface. Finally, the computed FLAC numerical results derived from the non-

linear dynamic analysis (see Chapter 4, 84.3.1), in terms of permanent horizontal
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displacements, are compared with the predicted displacements from the three models for

the case of a 30° inclined sand and clayey slope.
5.1.1 Analytical Newmark rigid block model

In his 1965 seminal Rankine Lecture, Newmark (1965) proposed that seismic stability of
earth dams and embankments could be assessed in terms of earthquake-induced
deformations which occur whenever the inertia forces on a potential slide mass are large
enough to overcome the frictional resistance at the “failure” surface. He formulated this
concept by proposing the analogue of a rigid block on inclined plane as a simple way of

analytically obtaining approximate estimates of these deformations.

Newmark (1965) computed rigid block displacements for four earthquake motions and
showed that displacement was a function of yield coefficient (k,), peak ground

acceleration and peak ground velocity.
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Figure 5.1. (a) Newmark Sliding-block model (b) Newmark algorithm for seismically-induced
permanent displacements (adapted from Wilson and Keefer, 1983).

The basic assumption of Newmark’s method is that the potential landslide block behaves
as a rigid mass that slides in a perfectly plastic manner on an inclined plane (Fig. 5.1a).
This assumption is reasonable for relatively thin landslides in stiff or brittle materials, but
it introduces significant errors as landslides become thicker and material becomes softer
(Jibson, 2011). Cumulative landslide displacements are estimated by integrating twice

with respect to time the parts of an earthquake acceleration-time history that exceed the



CHAPTER 5: Newmark-type displacement methods: Comparison with numerical results 117

critical or vyield acceleration, a. (k,-g), that is the threshold acceleration required to
overcome basal resistance and initiate sliding. Figure 5.1b presents a schematic
description of the rigorous Newmark Sliding Block procedure (adapted from Wilson and
Keefer, 1983) for estimating permanent co-seismic landslide displacements. The critical
(yield) acceleration may be determined through a pseudostatic analysis or by a simplified
empirical relationship (e.g. Bray, 2007).

Expect for the rigid block key assumption, several other simplifying assumptions were

imposed (see e.g. Newmark, 1965; Makdisi and Seed, 1978; Chang et al., 1984;

Ambraseys and Menu, 1988); these include:
e Static and dynamic material shear strengths are taken to be the same
e Seismic yield coefficient (k,) is not strain dependent and thus remains constant
during sliding implying that the soil does not undergo significant strength loss as a
result of shaking

e The upslope resistance is taken to be infinitely large such that displacements

occur in the downslope direction only
e The effects of dynamic pore pressures are neglected

e Yield behavior of the material is non-elastic, perfectly-plastic (implied by the use
of k,);

e Displacements are assumed to occur along a single, well-defined slip surface

(typically the LEM critical pseudostatic surface);

e Accelerations and corresponding inertial forces act in the direction of initial

movement at the center of gravity of the slide mass.

Newmark conventional analytical rigid block method is used in this study to predict
cumulative slope displacements obtained by double integration of the accelerograms
recorded on rock outcrop condition. The freeware software by Jibson and Jibson (2003)

was used for that calculation.

5.1.2 Rathje and Antonakos (2011) decoupled model

Rathje and Antonakos (2011) decoupled model is based on the recent empirical
displacement models of Saygili and Rathje (2008) and Rathje and Saygili (2009) and

thus a brief description of the aforementioned models is first provided.

Saygili and Rathje (2008) presented a suite of empirical predictive models for rigid block
sliding displacements developed using a database of more than 2000 acceleration time

histories with moment magnitudes that range from 5.0 to 7.9 and four values of yield
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coefficient. These models consider various single ground motion parameters (PGA, PGV,
I, Tm) and vectors of ground motion parameters (e.g. PGA, PGV, I,, T, Ds.75, Ds.gs5) to
estimate the sliding displacements with the goal of minimizing the standard deviation in
the displacement prediction. Rathje and Sayligi (2009) slightly modified the single
parameter PGA model of Saygili and Rathje (2008) by adding a term related to

earthquake magnitude.

The authors recommended (among others) the use of the two parameter vector (PGA,
PGV) model due to its ability to significantly reduce the variability in the displacement
prediction. The derived (PGA, PGV) displacement model is given by the following
equation (Saygili and Rathje, 2008):

K K.Y kK Y kK Y
In(D) = -156 —4.58| —— | ~20.84| =~ | +44.75| | ~30.50| = | +
PGA PGA PGA PGA (5.1)

-0.64In(PGA) +1.55In(PGV) + € 0,

Were D=sliding displacement (cm); k, =yield coefficient (g); PGA is the peak ground
acceleration (g); PGV is the peak ground velocity (cm/sec); o,p= standard deviation in
natural log units; and €= standard normal variate with zero mean and unit standard

deviation.

The standard deviation of the (PGA, PGV) model o1,p is a function of k,/PGA is and given
by:

k
0,,= 0.41+0.52| —* (5.2)
PGA

Rathje and Antonakos (2011) presented a unified framework that extends these models
for application to flexible sliding masses following a decoupled approximation. The
decoupled approach estimates the effect of dynamic response of the slide mass on
permanent sliding displacement in a two-step procedure: first, a dynamic response
analysis of the slope is performed assuming no failure surface to estimate the equivalent
acceleration time history within the slide mass and then the resulting time history is

input into a rigid block analysis and the permanent displacements are estimated.

To use the rigid block predictive expressions (Saygili and Rathje, 2008; Rathje and
Sayligi, 2009) for deformable sliding masses appropriate seismic loading parameters
were specified. In particular, for the two vector (PGA, PGV) model, knax (€.g. peak value
of the average acceleration time history within the sliding mass) was used to replace
PGA and k-velnh.x (e.g. peak value of the k-vel time history provided by numerical
integration of the k-time history) to replace PGV. The authors presented predictive
models for knhax and k-vel,x based on one-dimensional site response analysis of five sites

subjected to 80 input ground motions (Antonakos, 2009). The computed knax Values were
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normalized by the input PGA and correlated to T./T,, ; the ratio of the fundamental site
period (Ts) to the mean period of the earthquake motion (T,). The derived model
predicts In(kmax/PGA) as a function of In(Ts/T,,) and PGA:

7
Tm
0.1

For T¢/Tm=0.1:

In(k /PGA)= (0.459 -0.702 -PGA) -

max

+(~0.228 + 0.076 - PGA) -

T 2
In(TSJ
01 (5.3)

For Ts/Tmm<0.1 (nearly rigid conditions):
In(k /PGA)= 0

max

A similar predictive model was developed for k-vel,.x /PGV given by:

For Ts/Tm=0.2:

2
(% o
In(k-vel . /PGV)= (0.240)- —o5 | *(-0.091-0.171-PGA)-| — === (5.4)
For Ts/Tm<0.2:
In(k-vel ,, /PGV)= 0

The standard deviation for these models in natural log units is 0.25.

In addition to the change in seismic loading parameters, the rigid block predictive models
(Saygili and Rathje, 2008; Rathje and Sayligi, 2009) were further modified to account for
the differences in frequency characteristics between acceleration-time histories and k-
time histories. This modification is a function of T; and increases the predicted

displacement.

The resulting modification to the (PGA, PGV) model to account for flexible sliding is:

For Ts/Tm<0.5:

In (Dflexible) =1In (DPGA,PG\/) +1.42- 'I'5
For Ts/Tm>0.5: (5.5)
|n(Derxible)= In(DpGA,pGV) + 0.71

where Dpgapev represents the median displacement predicted by the (PGA, PGV) rigid

sliding block model where kpax is used in lieu of PGA and k—velax is used in lieu of PGV.
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A revised linear relationship is used to predict omo for flexible sliding masses for the (PGA,
PGV) model:

(5.6)

max

k
0,,= 0.40+0.284( y ]
k

Figure 5.2 depicts the plots of displacements as a function of T for k,=0.05 and 0.1 for
the revised (PGA, PGV) Rathje and Antonakos (2011) model.
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Figure 5.2. Predicted values of sliding displacement as a function of T with k,=0.05(a) and k,=0.1
(b) for the (PGA, PGV) Rathje and Antonakos (2011) model

It's worth noting that the (PGA, PGV) model is recommended for use in practice by
Rathje and Antonakos (2011) because of the significant frequency content information
provided by PGV (for rigid sliding) and by k-velmax (for flexible sliding) resulting in the
minimization of the uncertainty in the displacement estimation. Considering that, this
method is used in this study to predict co-seismic slope displacements for different

earthquake scenarios.

5.1.3 Bray and Travasarou (2007) coupled model

Bray and Travasarou (2007) proposed a simplified semi-empirical method to estimate
earthquake deviatoric- induced displacements of rigid and deformable soil slopes.
Displacements were calculated using the nonlinear fully coupled stick-slip deformable

sliding block model proposed by Rathje and Bray (2000) to capture the dynamic
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response of an earth-waste structure (Fig. 5.3). In a fully coupled analysis, as proposed
by the authors, the dynamic response of the sliding mass and the permanent
displacement are modeled together so that the effect of plastic sliding displacement on
ground motions is taken into account. Thus, the fully coupled stick-slip deformable sliding

block model offers a conceptual improvement over the decoupled approximation.

Potential Slide Plane

) Potential Slide Plane

Figure 5.3. Generic seismic slope displacement problem of height H and initial stiffness Vs and (b)
idealized nonlinear stick with one-way sliding used in Bray and Travasarou (2007).

The model used is based on an equivalent-linear visco-elastic one dimensional analysis to
allow for the use of a large number ground motions with wide range of properties of the
potential sliding mass. Vucetic and Dobry (1991) shear modulus and damping curves for
PI=30 were used. 688 recorded ground motions from 41 earthquakes with moment
magnitudes (M,,) that range from 5.5 to 7.6, has been used to compute co-seismic
displacements (Travasarou, 2003). The predictive seismic displacement model
parameters include the system’s yield coefficient (ky), its initial fundamental period (Ts),
and the ground motion’s spectral acceleration at a degraded period equal to 1.5T.. The
slope’s yield coefficient (k,) and initial fundamental period (Ts) were selected to represent
the dynamic strength and stiffness, respectively, of the earth/waste slope in the seismic
displacement model. The seismic displacements were computed for ten values of k,
(0.02-0.4) and eight values of Ts (0 - 2 s) for the entire set of used ground motions. The
slope’s yield coefficient (k,) can be estimated through a psedostatic analysis or by a
simplified expression as a function of the slope geometry, weight and strength (e.g. Bray
et al., 1998). The initial fundamental period of the sliding mass can normally be
estimated using the expression T,=4H/Vs, where H= average height of the potential
sliding mass, Vs=average shear wave velocity of the sliding mass. A modified expression
should be used in case of a triangular —shaped sliding mass (Bray, 2007). In Bray and
Travasarou (2007), average H varied from 12 to 100m and Vs from 200 to 425m/sec.
The spectral acceleration at a degraded period equal to 1.5 times the initial fundamental

period of the slope, i.e., S, (1.5T;), was found to represent (among others) an efficient
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measure of the seismic intensity for minimizing the variability of displacement predictions
(Travasarou and Bray, 2003). Note that the model has been developed for S, (1.5T;)
values from 0.002 to 2.7 g and should be used within these ranges to provide reasonable
and reliable estimates of the slope displacements. The degraded fundamental period is
considered to capture the overall average stiffness reduction for the earth/waste slopes.
It is also important to notice that the Bray and Travasarou (2007) expressions do not
model the foundation conditions (e.g. rock, stiff soil) that can moderately effect the

computed displacements.

The model separates the probability of “zero” displacement occurring from the
distribution of “non-zero” displacement, so that to exclude from the results values of

calculated displacement <1 cm that are assumed to be of no engineering significance.

The probability of negligible “zero” displacement is estimated as:

P(D ="0") = 1-® (-176-3.22 In(k,) —0.484T, In(k,)+3.52 In(S,(L.5T.))) (5.7)

where P(D=0): probability (as a decimal number) of occurrence of zero displacements;
D-seismic displacement; ®: standard normal cumulative distribution function; k,: yield
coefficient; Ts: initial fundamental period of the sliding mass in seconds, and S,(1.5T:):

the spectral acceleration of the input ground motion at a period of 1.5T; in terms of g.

The likely amount of nonzero seismic displacement (D) is given by the following
equation:
In(D): -1.10 -2.83 In(k,)-0.333 (In(k,))* + 0.566In(S,(1.5T,))

5.8
+3.04 In(S,(1.5T.)) —-0.244(In(S,(1.5T.)))* + L.50T, + 0.278(M - 7) + € (>-8)

where the k,, Ts, and S,(1.5T;) are defined as previously for Eq. (5.7), and € is a

normally distributed random variable with zero mean and standard deviation 0=0.66.

For the nearly Newmark rigid sliding block case (Ts=0), Eq. (5.8) is transformed as
follows:
In(D) = -0.22 -2.83In(k,)-0.333 (In(k,))* + 0.566In(PGA)

5.9
+ 3.04 In(PGA) -0.244(In(PGA))* +1.50T, +0.278(M - 7) £ € (5-9)

where PGA is the peak ground acceleration of the ground motion (i.e., S;(Ts=0)).

The model can be implemented rigorously within a fully probabilistic framework for the
estimation of the probability of exceedance of a selected threshold of displacement (d)

for a specified earthquake scenario and slope properties.

The probability of the seismic displacement (D) exceeding a specified displacement

threshold (d) is expressed as:



CHAPTER 5: Newmark-type displacement methods: Comparison with numerical results 123

POD> d) = [1 -P(D ="0")] P(D>d/D>"0") (5.10)

The term P(D=0) is computed using Eq. (2). The term P (D>d/D>0) may be computed
assuming that the estimated displacements are lognormally distributed as:

PD> d/ D>"0") =1 - P(D<d/D>"0") = 1-@(@} (5.11)

where Ind is computed using Eq. (3); o is the standard deviation of the random error,

which in this case is 0.66; and ® is the standard normal cumulative distribution function.

Some trends in the estimates from the model are shown in Figure 5.4.
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Figure 5.4. Trends from the Bray and Travasarou (2007) model: (a) probability of negligible
displacements and (b) median displacement estimate for a M,, = 7 strike-slip earthquake at a
distance of 10 km, and (c) seismic displacement as a function of yield coefficient for several
intensities of ground motion (M,, = 7.5) for a sliding block with Ts = 0.3 s (adopted from Bray,
2007)

The Bray and Travasarou (2007) seismic displacement model has shown to predict
reliably the seismic performance observed at 16 earth dams and solid-waste landfills.
The authors also found that the values of predicted displacements were not inconsistent
with other simplified methods. This method is also used in this study to predict sliding

displacements for various earthquake scenarios.

5.2 Comparison between the displacement-based methods and with
the numerical approach

5.2.1 Literature review

Several investigators have applied Newmark-type deformation procedures of different

complexity as well as advanced 2D dynamic stress-strain methods to case studies to
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compare the results among the different approaches and with the actual field
performance. This comparison allows assessing the reliability of the various methods to
predict the expected co-seismic displacements and to judge their relative degree of

conservativeness.

Wilson and Keefer (1983) applied the Newmark method to a landslide triggered by the
1979 Coyote Creek, California earthquake using a real acceleration time history recorded
at the landslide area and they found that the predicted Newmark landslide displacement

agreed well with the observed displacement.

Chugh and Stark (2006) applied 2D FD dynamic analysis and analytical Newmark rigid
block method to assess the seismically induced slope deformations of the Quaternary
landslide (QIs-18) in California. They found that the obtained permanent displacements

of both methods are in good agreement with the field observations.

Pradel et al. (2005) compared the post earthquake field performance of a pre-existing
coherent landslide reactivated after the Northridge earthquake with the seismic
displacements calculated using the analytical decoupled Newmark approximation as well
as the simplified decoupled empirical relationships suggested by Makdisi and Seed (1978)
and Bray and Rathje (1998). The authors showed that decoupled Newmark- type sliding

block analyses can result in reasonable estimates of the observed displacement.

Bray and Travasarou (2007) confirmed the reliability of their model by providing
estimations of the seismic displacements for 16 earth dams and solid-waste landfills that
are correlated quite well with the observed seismic performance. The authors also found
that the values of predicted displacements are not inconsistent with other simplified
decoupled approaches (Makdisi and Seed, 1978; Bray and Rathje, 1998).

Austilio et al. (2009) evaluated the seismic displacements of the Calitri landslide
(southern Italy) reactivated after the Irpinia earthquake (1980), based on simplified and
analytical decoupled Newmark-type approaches, a 1D stick-slip coupled model (Austilio
et al., 2008) and 2D FD dynamic analyses. They observed that the displacements
predicted by simplified and analytical decoupled procedures for four different soil profiles
seemed to capture the average value of displacement recorded at Calitri after the
earthquake while the 1D coupled method generally yielded more conservative results.
Moreover, they showed that the 2D FD dynamic analysis for the certain case history
predicted the largest displacements, constant for all soil profiles that are comparable with

the maximum observed values.

Strenk (2010) applied a suite of 20 deformation based methods of different categories
(rigid block, decoupled and coupled) to assess their reliability in predicting the observed

seismically-induced displacements at three case studies in California, USA : Calabasas
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landslide triggered by the 1994 Northridge earthquake and Ditullio and Upper Laurel
landslides triggered by the 1989 Loma Prieta earthquake. By comparing the median
predictions obtained from each method to the actual measured displacement observed at
each landslide he concluded that no method (or category of methods) is drastically more
accurate than any of the others while he observed an overall tendency for nearly all
deformation-based methods to under-predict the recorded field displacement (73% of
the total number of predictions were reported to be near or below the actual measured
displacement). He proposed the use of more recent simplified rigid-block methods that
are derived using larger ground motion databases and robust mathematical regression
techniques. Moreover, he recommended the use of the analytical-versions over the
simplified versions of all deformation based methods as he recognized that simplified
methods make more assumptions associated with the reduction of the analytical
approach into a simplified mathematical equation or chart that can introduce significant

bias on the computed displacements.

5.2.2 Implementation of the selected displacement-based predictive models

After providing a short literature review on the different displacement based approaches
to site-specific applications, the three different procedures described in section 5.1 are
used to predict the permanent slope deformation: the conventional analytical Newmark
rigid block model (Newmark 1965), the decoupled Rathje and Antonakos (2011) model
and the coupled Bray and Travasarou (2007) sliding block model. The main goal is to
identify the influence of the earthquake characteristics and the dynamic response of the
slope on the magnitude of the residual slope displacements using the aforementioned
predictive models. In this respect, permanent displacements as a function of the critical
acceleration ratio (e.g. Kky/kmax or k,/PGA) were computed using the three different
approaches considering different earthquake scenarios and compliance of the sliding
surface. Comparisons between the methods were allowed to be made to assess their
relative degree of conservatism. Mean displacements were calculated using the Newmark
rigid block model whereas median values +1 standard deviation and median and 16%" -

84" percentiles were derived for the decoupled and coupled approximations respectively.

The applied seismic input consists of two real acceleration time histories characterized by
quite different frequency content recorded at rock outcropping conditions (Fig. 5.5).
These are scaled at two different levels of PGA, namely 0.3 and 0.7g. Table 5.1 presents
the parameters describing some basic characteristics (amplitude, frequency content) of
the ground motions and the flexibility of the potential sliding surface. Moment magnitude

values for the Bray and Travasarou model were approximately taken to be consistent to
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the level of shaking and considering the initial shaking characteristics of the given
earthquake events. The displacement were computed for nearly rigid (Ts=0.032sec) and

relatively flexible (Ts=0.16 sec) sliding masses.

The derived permanent displacements for the three different predictive models and for
the different considered earthquake scenarios plotted as a function of the critical
acceleration ratio, PGA (or kmax)/Ky, are illustrated in Figures 5.6 to 5.8 and 5.13 to 5.14
for the nearly rigid and relatively flexible sliding surfaces respectively. Comparative plots
between the methods are shown as well (Figs. 5.9-5.12 and 5.15-5.18 for the nearly

rigid and relatively flexible sliding surfaces respectively).
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Figure 5.5. Input acceleration time histories (before scaling) and Fourier spectra

Table 5.1. Parameters describing the characteristics of the ground motions and the slope dynamic
response used for the analyses

Valnerina 1979-

Earthquake record name

Northridge 1994-

Cascia_L Pacoima Dam_L
Earthquake code cascia pacoima
Fundamental frequency of the input motion f, (Hz) 4.44 2.1
Fundamental period of the input motion T, (sec) 0.23 0.48
Mean Period of the input motions T,, (sec) 0.295 0.507
Scaled outcropping PGA (g) 0.3 0.7 0.3 0.7
PGV (cm/sec) 10.3 30.9 14.6 43.9
Fundamental period of the sliding mass T (sec) 0.16 0.032 0.16 0.032
S.(1.5T)/PGA 2.9265 1.073 2.2572 1.033
To/Tm 0.542 0.106 0.316 0.063
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The results stress the influential role of the amplitude and frequency content of the
earthquake as well as the compliance of the sliding surface on the magnitude of the
computed displacements. As observed for all the applied approaches, time histories
scaled at 0.7g produce larger displacements compared to those scaled at 0.3g for the
same critical acceleration ratios. Moreover, the lower frequency input motion (Pacoima-
f,=2.1 Hz) yields larger displacements in relation to the higher frequency input motion
(cascia- fp=4.4 Hz). For the Newmark and Bray and Travasarou models this trend
becomes more pronounced as the critical acceleration ratio increases whereas for the
Rathje and Antonakos model this trend does not seem to be influenced by the critical
acceleration ratio. Bray and Travasarou (2007) coupled model generally predicts larger
displacements compared to conventional analytical Newmark rigid block and Rathje and
Antonakos decoupled model. In particular, the difference in the displacement prediction
is by far more noticeable for the flexible (Ts=0.16sec) compared to the nearly rigid
(Ts=0.032sec) sliding masses. Displacements computed using Rathje and Antonakos
(2011) predictive equations are more in line with the Newmark rigid block method. More
specifically, the higher frequency input motion (cascia) yields displacements that match
fairly well with the Newmark analytical rigid block approach (especially for the low level
of shaking). On the contrary, the lower frequency input motion (pacoima) can predict
larger or smaller displacements compared to the Newmark rigid block model depending
on the ratio of ky/kmax (or PGA).
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Figure 5.6. Newmark displacement versus critical acceleration ratio k,/kmax for different
acceleration time histories (cascia, pacoima) scaled at different levels of PGA (PGA=0.3g, 0.7g)
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Figure 5.7. Bray and Travasarou (2007) displacement versus critical acceleration ratio ky/Kmax
considering a nearly rigid sliding mass (Ts=0.032 sec) for different acceleration time histories
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Figure 5.8. Rathje and Antonakos (2011) displacement versus critical acceleration ratio ky/Kmax
considering a nearly rigid sliding mass (Ts=0.032 sec) for different acceleration time histories

(cascia, pacoima) scaled at different levels of PGA (PGA=0.3g, 0.7g)
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Figure 5.11. Comparison of the different predictive models for permanent slope displacement
considering a nearly rigid sliding mass (Ts=0.032 sec) for a certain earthquake scenario (cascia
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5.2.3 Comparison of displacements estimated by displacement-based

methods and dynamic analyses

In the previous section an application of the selected displacement based approaches
was performed for different earthquake scenarios for both deformable and nearly rigid

sliding surfaces highlighting prevailing trends in the displacement prediction.

In this section, 2 dimensional fully non-linear FLAC numerical results (see Chapter 4) are
compared in terms of permanent horizontal displacement along the unstable slope area,
with the Newmark-type displacement methods. The aim is, on the one hand, to gain
confidence on the results of the numerical analysis and, on the other hand, to assess the
predictive capability of the different displacement based approaches with respect to the
FLAC dynamic analysis. As described above, the conventional analytical Newmark rigid
block model (Newmark 1965), the decoupled Rathje and Antonakos (2011) model and
the coupled Bray and Travasarou (2007) sliding block model are used for this purpose to
calculate permanent displacements of the slide mass. These are compared with the FLAC
permanent horizontal displacements within the sliding mass derived from the dynamic
analysis for the free-field conditions (in the absence of any structure) for the two
idealized step-like slopes analyzed in Chapter 4 (see Fig. 5.19), which characterized by
sand and clayey soil materials respectively that overlay a stiff clayey layer. The elastic
bedrock lies at 70 m. The mechanical characteristics for the soil materials and elastic
bedrock have been presented in Chapter 4, Table 4.1. Details regarding the numerical
modeling and the computed permanent FLAC displacements have already been discussed

in Chapter 4 and will not be repeated herein.

100 m

30 m Elastic bedrock| -Vs=850m/sec

300 m

Figure 5.19. Slope configuration used for the numerical modeling

The initial fundamental period of the sliding mass (T;) has been estimated using the

simplified expression: T; = 4H/V,, where H is the height and V; is the shear wave velocity
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of the potential sliding mass. Different heights of the landslide mass have been evaluated
for slopes consisting of sand (H=2 m) and clay material (H=10 m) by means of a LEM

pseudostatic analysis based on the more critical sliding surfaces.

The horizontal yield coefficient, k,, has been computed via a pseudostatic slope stability
analysis using Spencer method of slides (Spencer, 1967) that satisfied full equilibrium.
The k, values are estimated as 0.16 and 0.15 for the 30° inclined slopes consisting of

sand and clay soil material respectively.

The seismic input applied along the base of the dynamic model consists of a set of 7 real
acceleration time histories from different earthquakes worldwide recorded on rock
outcrop (see Chapter 4, Tab. 4.4). Two of them (Valnerina -Cascia_L, Northridge -
Pacoima Dam_L) have also been used in the previous section to predict permanent slope
deformation using different Newmark-type displacement methods. To obtain the
appropriate inputs for the Newmark-type displacement based methods that include the
effect of soil conditions, the selected acceleration time histories were first propagated up
to the depth of the potential sliding surface through a 1D non-linear site response
analysis considering the same soil properties as in the 2D dynamic analysis. It is noticed
that the 1D soil profile is located at the section that approximately corresponds to the
maximum slide mass thickness of the slope (Section A, see Fig. 5.19). The bottom of the
sliding surface is taken be consistent to the estimated fundamental period of the sliding
mass (Ts) that is different for the clay and sand slopes. It's worth noting that the
thickness of the landslide mass may also vary with respect to the characteristics of the
earthquake and the level of shaking. This effect, however, was not taken into account
and thus only average predictions of the cumulative co-seismic displacement can be

made.

Tables 5.2 and 5.5 present the computed parameters of the models for outcropping
accelerograms scaled at PGA,«=0.7g for the sand (T;=0.032sec) and clay (Ts=0.16sec)
slopes respectively. Tables 5.3 and 5.6 present the predicted FLAC horizontal
displacements in comparison to those calculated using the conventional analytical
Newmark rigid block method, Rathje and Antonakos (2011) decoupled approach and
Bray and Travasarou (2007) coupled stick-slip displacement method for rock outcropping
accelerograms scaled at PGA=0.7g for the hypothesized sand (T;=0.032 sec) and clay
(Ts=0.16 sec) slopes. The error (%) of the Newmark-type models in the displacement
estimation compared to the corresponding FLAC displacement calculation for input
accelerograms scaled at PGA=0.7g are presented in Table 5.4 for sand nearly rigid sliding
mass (Ts=0.032 sec) and in Table 5.7 for clay deformable sliding mass (Ts=0.16 sec).
Relative error (%) of the models in the median displacement estimation as well as the

corresponding average error (%) to the FLAC displacement calculation are depicted in
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Figures 5.20 and 5.21 for the sand and in Figures 5.24 and 5.25 for the clay slope
respectively. The dispersion of the corresponding error is presented in Figures 5.22 and
5.26 for the sand and clay slope respectively. Finally, Figures 5.23 and 5.27 show a
direct comparison between analytical Newmark’'s , Bray and Travasarou (2007) and
Rathje and Antonakos (2011) displacements with the maximum horizontal displacements
from the 2D dynamic analyses for rock outcropping accelerograms scaled at different
levels of PGA (0.3, 0.5, 0.7, 0.9 g) for sand and clay slopes.

Table 5.2. Parameters of the models for rock outcropping accelerograms scaled at PGA=0.7g-
sand slope (Ts=0.032sec)

PGA PGV Kia () < VElmax
Earthquake PGA.« sliding sliding T TT (Eq. (cm/sec) S,(1.5T,)
code (9) surface  surface (sec) stim (Eq. (9)
(9) (cm/sec) 5.3) 5.4)
cascia 0.70 0.89 61.70 0.42 0.08 0.89 61.70 0.96
kypseli 0.70 0.91 70.60 0.45 0.07 0.91 70.60 1.00
montenegro 0.70 0.75 66.30 0.49 0.07 0.75 66.30 0.81
pacoima 0.70 0.86 72.60 0.56 0.06 0.86 72.60 0.93
sturno 0.70 1.04 91.70 0.55 0.06 1.04 91.70 1.12
duzce 0.70 0.84 60.20 0.41 0.08 0.84 60.20 0.94
gilroy 0.70 0.81 52.10 0.36 0.09 0.81 52.10 0.93

Table 5.3. Comparison of FLAC horizontal displacements to analytical Newmark rigid block
method, Rathje and Antonakos (2010) decoupled approach and Bray and Travasarou (2007)
coupled stick-slip displacement method for rock outcropping accelerograms scaled at PGA=0.7g
sand slope (Ts=0.032sec)

Rathje and Antonakos Bray and Travasarou
FLAC Average displacement (m) displacement (m)
Earthquake horizontal Newmark Medi Median th th
code displacement displacement  Median edian Median 84™ 167
(m) (m) Drexi -1sd +1sd (m) percentile percentile
e (m) (m) (m) (m)
cascia 0.60 0.64 0.40 0.62 0.25 0.60 0.31 1.16
kypseli 0.50 0.55 0.50 0.78 0.32 0.65 0.34 1.25
montenegro 0.90 0.70 0.37 0.59 0.24 0.42 0.22 0.81
pacoima 0.70 0.53 0.49 0.78 0.31 0.57 0.29 1.09
sturno 1.70 1.38 0.83 1.29 0.53 0.81 0.42 1.55
duzce 1.10 0.94 0.36 0.57 0.23 0.57 0.30 1.10

gilroy 0.20 0.23 0.28 0.44 0.18 0.57 0.29 1.09
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Table 5.4. Error (%) of the models in the displacement estimation compared to the corresponding
FLAC displacement calculation for rock outcropping accelerograms scaled at PGA=0.7g- sand slope
(Ts=0.032sec)

Error (%)

Earthquake Rathje and Antonakos (2011) Bray and Travasarou (2007)
code Newmark ) Median  Median _ 84t 16"
(m) Median 1sd +1sd Median til til
Drexible s s (m) percentile percentile
(m) (m) (m) (m)
cascia 7.25 -34.10 3.48 -58.03 0.25 -48.00 93.26
kypseli 10.60 0.02 56.82 -36.21 29.65 -32.75 149.93
montenegro -22.56 -58.46 -34.17 -73.78 -53.24 -75.75 -9.85
pacoima -24.00 -29.57 10.80 -55.23 -19.28 -58.13 55.62
sturno -18.85 -51.44 -24.33 -68.84 -52.56 -75.39 -8.55
duzce -14.95 -67.03 -48.09 -79.06 -48.26 -73.16 -0.26
gilroy 14.00 39.39 119.94 -11.67 182.89 46.74 445.35
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Figure 5.20. Error (%) of the predictive models in the median displacement estimation compared
to the corresponding FLAC displacement calculation for rock outcropping accelerograms scaled at
PGA=0.7g- sand slope (Ts=0.032sec)
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Figure 5.21. Average error (%) of the predictive models in the median displacement estimation
compared to the corresponding FLAC displacement calculation for rock outcropping accelerograms
scaled at PGA=0.7g- sand slope (Ts=0.032sec)
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Figure 5.22. Dispersion of the error (%) of the predictive models in the median displacement
estimation in relation to the corresponding FLAC results for rock outcropping accelerograms scaled
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Figure 5.23. Comparison between analytical Newmark’s, Rathje and Antonakos (2011) and Bray
and Travasarou (2007) displacements with the co-seismic horizontal displacements from the 2D
dynamic analyses (sand slope)

Table 5.5. Parameters of the models for rock outcropping accelerograms scaled at PGA=0.7g- clay
slope (Ts=0.16sec)

PGA PGV I(max (g) I('Velmax
Earthquake PGA, .k sliding sliding Tm Sa(1.5Ts)
Ts/Tm (Eq. (cm/sec)
code (9) surface surface (sec) 5.3) (Eq. 5.4) (9)
(9)  (cm/sec) - a>
cascia 0.70 0.57 24.90 0.50 0.32 0.44 54.67 1.27
kypseli 0.70 0.57 34.00 0.53 0.30 0.43 50.93 1.22
montenegro 0.70 0.63 24.30 0.58 0.28 0.43 58.12 1.45
pacoima 0.70 0.62 31.90 0.63 0.25 0.41 68.95 1.53
sturno 0.70 0.69 38.50 0.68 0.23 0.41 82.33 1.44
duzce 0.70 0.58 22.70 0.49 0.33 0.45 54.59 1.90
gilroy 0.70 0.47 20.70 0.45 0.35 0.44 37.43 1.24

Table 5.6. Comparison of FLAC horizontal displacements to analytical Newmark rigid block
method, Rathje and Antonakos (2011) decoupled approach and Bray and Travasarou (2007)
coupled stick-slip displacement method for rock outcropping accelerograms scaled at PGA=0.7g-

clay slope (Ts=0.16sec)

Rathje and Antonakos Bray and Travasarou

FLAC Average displacement (m) displacement (m)
Sl ode  displacement displacement  ecian  MediEn Median L gan o qen
(m) (m) Dresinie -1sd +1sd (m) percentile percentile
(m) (m) (m) (m)
cascia 0.50 0.36 0.16 0.27 0.10 0.57 0.30 1.11
kypseli 0.45 0.28 0.14 0.23 0.08 0.53 0.27 1.02
montenegro 0.82 0.47 0.16 0.27 0.10 0.72 0.37 1.39
pacoima 0.62 0.35 0.19 0.32 0.12 0.79 0.41 1.53
sturno 1.40 0.90 0.25 0.42 0.15 0.71 0.37 1.37
duzce 0.85 0.48 0.16 0.27 0.10 1.16 0.60 2.24
gilroy 0.20 0.09 0.09 0.15 0.05 0.55 0.28 1.05
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Table 5.7. Error (%) of the models in the displacement estimation compared to the corresponding
FLAC displacement calculation for rock outcropping accelerograms scaled at PGA=0.7g- clay slope
(Ts=0.16sec)

Error (%)

Earthquake Rathje and Antonakos (2011) Bray and Travasarou (2007)
code Newmark _ Median Median . 84t 16t
(m) Median 1sd 1sd Median til til
Drixibie -1s +1s (m) percentile percentile
(m) (m) (m) (m)
cascia -27.30 -67.52 -46.66 -80.22 14.80 -40.45 121.31
kypseli -37.22 -69.14 -49.21 -81.25 17.23 -39.19 126.00
montenegro -43.23 -80.03 -67.08 -87.89 -11.96 -54.33 69.72
pacoima -43.55 -68.69 -48.15 -81.10 28.10 -33.55 146.95
sturno -35.68 -81.90 -70.01 -89.07 -49.07 -73.58 -1.83
duzce -43.65 -80.61 -68.17 -88.18 36.53 -29.17 163.20
gilroy -53.00 -55.76 -27.28 -73.09 173.31 41.78 426.86
200.00
|
150.00 | -|
100.00 | mcascia
g T mkypseli
b 50.00 | =montenegro
g | Epacoima
“ 0.00 % =sturno
I mduzce
-50.00 I Pt ailroy
-100.00 T

Figure 5.24. Error (%) of the models in the median displacement estimation compared to the
corresponding FLAC displacement calculation for rock outcropping accelerograms scaled at
PGA=0.7g- clay slope (Ts=0.16sec)

40.00 29.85
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| _
T 000 (0 T I
o T -
= | Bray and _
Y _30.00 Travasarou N
g | (2007) u Average
m
s -40.00 |
2 | -40.52
-60.00 |
80,00 =

-71.95

Figure 5.25. Average error (%) of the predictive models in the median displacement estimation
compared to the corresponding FLAC displacement calculation for rock outcropping accelerograms
scaled at PGA=0.7g- clay slope (Ts=0.16sec)
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Dispersion of error (%)
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Figure 5.26. Dispersion of the error (%) of the predictive models in the median displacement
estimation in relation to the corresponding FLAC results for rock outcropping accelerograms scaled
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Figure 5.27. Comparison between analytical Newmark’s, Rathje and Antonakos (2011) and Bray
and Travasarou (2007) displacements with the co-seismic horizontal displacements from the 2D
dynamic analyses (clay slope)

5.2.3.1. Discussion- Concluding remarks

FLAC displacements generally are not inconsistent with the predicted Newmark-type
displacements enhancing the reliability and robustness of the dynamic analysis results.
All three displacement based models predict displacements that are generally in good
agreement with the FLAC results for the sand stiff slope case. On the contrary, for the
clay more flexible slope the correlation is not so good. In particular, Bray and Travasarou
(2007) model tend to predict generally larger displacements with respect to the dynamic
analysis whereas Newmark rigid block and Rathje and Antonakos (2011) models

underpredict the corresponding displacements.

Among the three methods, Bray and Travasarou model was found to present the
minimum average predictive error (%) in relation to the dynamic analysis for both sand
nearly rigid and clay relatively flexible slope cases. This is in line with the inherent
coupled stick-slip assumption adopted in the method that offers a conceptual
improvement over the rigid block and decoupled approaches for modeling the physical

mechanism of earthquake-induced landslide deformation.

Newmark analytical approach shows the minimum dispersion (minimum standard
deviation of the error in the displacement prediction) compared to the Bray and
Travasarou and Rathje and Antonakos models. This may be justified by the fact that
Newmark analytical method uses the entire time history to characterize the seismic
loading as opposed to the Bray and Travasarou and Rathje and Antonakos models that

use one [Si(1.5 T.)] and two (PGA, PGV) intensity parameters respectively. As such,
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uncertainties associated to the selection of the ground motion intensity parameters

disappear in the Newmark conventional analytical approach.

Overall, the differences in the displacement prediction between the models are larger for
the more ductile clay slope. Thus, the compliance of the failure surface in relation to the
frequency content of the input earthquake scenarios allows for some bias to be

introduced on the results.

Summarizing, Newmark-type displacement methods display a valuable compromise
between simplistic pseudostatic approaches and sophisticated numerical modeling
techniques in providing a rough estimate of the seismic slope performance. They can be
efficiently implemented in the prediction of earthquake induced landslide displacements
for regional seismic hazard analysis (e.g. Jibson et al., 2000). However, as shown in this
study, their use in site specific problems should be made with caution, acknowledging the
simplified assumptions associated with them. In any case, a stochastic framework to
account for the (generally large) uncertainty in the displacement prediction is

recommended.
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CHAPTER O

Fragility curves for low-rise RC buildings
subjected to slow-moving slides

6.1 Introduction

The present chapter, stemming from the general lack of existing fragility curves for
buildings subjected to slow-moving slides (see Chapter 3), aspires to propose different
sets of fragility functions for a variety of RC building typologies, soil conditions and slope
configurations, based on the analytical method described in Chapter 4, with potential

application from site specific to local/regional scales.

To this aim, an extensive parametric study is performed by considering different idealized
slope geometries, soil geological settings and distances of the structure to the slope’s
crest. The effect of the various analyzed features on the structural performance is
investigated, highlighting trends on the building’s behavior to the permanent co-seismic
slope deformations. Generic fragility curves as a function of PGA at the outcrop and PGD
at the slope area that could be used for several practical applications are then suggested
based on the parameters that are proved to most significantly contribute to the
structure’s vulnerability. Moreover, a sensitivity analysis is conducted to stress the
influential role of various additional parameters, namely the water table level, the
consideration of a strain softening landslide material, the flexibility of the foundation
system, the number of bays and storeys of the building and the code design level on the
structure’s fragility. Some of these parameters may, under certain circumstances,

control the structural response to the permanent landslide displacement.
6.2 General description of the parametric investigation

In order to construct an abacus of fragility curves applicable to various RC building
typologies, soil conditions and slope configurations, an extensive parametric investigation
is performed based on the method proposed in Chapter 4. The main parameters selected

to vary are associated to:
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» The geometry of the finite slope (slope height H, inclination B) (Fig. 6.1).
- Slope height H=20, 40 m
- Slope inclination 8 =f (Soil properties) = 15°, 30°, 45°

» The soil properties of the slope material (soft to stiff clayey and sand soils

corresponding to soil categories B, C and D according to EC8)

= The relative position of the building with respect to the slope crest (L=3, 5 m) (Fig.
6.1).

L= 3.0, 5.0 m— [— _ ' | free field

= 150, 250, 500 m/sec '
sand, clay .

=159, 30°, 45

free field | |

| Elastic Bedrock

i T Complient Base
Seismic excitation

Figure 6.1. Parametric model under study

Six simplified —yet realistic- step-like slope configurations are considered for the present
study. For each geometry, 4 different models are developed that vary on the soil
conditions (sand, clay) and the relative location of the assumed building to the slope
crest (L=3, 5 m) (see Annex A for the corresponding sketches). Table 6.1 presents the

considered features of the 24 analyzed models.

It is noticed that the first two models have already been analyzed in Chapter 4 to
demonstrate the proposed methodological framework for the vulnerability assessment of
the representative RC buildings to earthquake induced slow moving slides. It is also
important to note that the soil properties of the slope materials are taken to be
consistent with the considered inclination angles to ensure static slope stability. Thus, it
doesn’t make any sense to analyze steep slopes with soft soil as the slope would be
already unstable in static conditions. Finally, it's worth noting that only the cases that
result to the highest susceptibility to landsliding are modeled. For instance, slopes with

small inclination (B=15°) on stiff soil are not investigated as the resulting permanent
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deformation and consequently the building expected damage would be negligible and

thus out of the scope of this study.

Figure 6.2 shows the considered upslope and downslope variation of shear wave velocity
V, with depth whereas Table 6.2 presents the assumed properties for the soil materials
and the elastic bedrock. As thoroughly presented in Chapter 4, the numerical analysis is
based on an uncoupled approach and involves two consecutive steps. First, the
differential permanent displacements at the building’s foundation level are estimated
using a plane strain FLAC2D (Itasca 2008) finite difference non-linear dynamic slope
model considering the foundation compliance. The seismic input applied along the base of
the dynamic model consists of a suite of 7 real acceleration time histories from different
earthquakes worldwide recorded on rock outcropping conditions and scaled at different
level of PGA i.e. 0.3 g, 0.5g, 0.7g and 0.9g (see Chapter 4, §4.3.1). Some additional
analyses for lower levels of PGA (e.g. 0.1 g) were deemed necessary for certain models
(e.g. model 21) in order to obtain reliable results for all damage states. Then, the
calculated differential displacements are imposed to the Seismostruct (Seismosoft,
SeismoStruct 2011) building model at the foundation level to assess the building’s
response for the different applied landslide displacements induced by the earthquake. A
high code designed single bay-single storey structure with flexible foundation system
located in the vicinity of the slope’s crest (L=3, 5 m) is considered in all analyzed cases
herein. Its geometrical, strength and stiffness characteristics are identical to the ones of
the structure on isolated footings described in Chapter 4, §4.3.2. Limit states are defined
in terms of threshold values of steel and concrete material strain for both “low” and
“high” code designed RC buildings (see Chapter 4, § 4.4.1). The results are presented in
terms of fragility curves as a function of PGA at the outcrop or PGD at the slope area.
Two different methodologies to derive the log-normally distributed parameters of the
fragility functions are presented in Chapter 4, § 4.4.2. These have been found to yield
results that are generally in good agreement and as such they can be equally
implemented to construct the fragility curves.

It 's worth noting that the computational demand for the derivation of fragility curves is
very large. Analysis time for the 24 models subjected to the two-step numerical approach
is about 1000 hours on a fast PC (Intel Core i7-2600 CPU, 3.4 GHz, 4.0 GByte of RAM) at

the time of the current study.
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Upslope soil profile
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Figure 6.2. Upslope (a) and downslope (b) V, variation with depth for the analyzed soil profiles
(soil classification according to EC8)
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6.2.1 Derivation of fragility curves

The parametric analysis results to the construction of fragility curves (Figure 6.3) as a
function of PGA at the outcrop and PGD at the slope area for the different investigated
models presented in Table 6.1. The Maximum Likelihood method as described in Chapter
4, section 4.4.2.2 is used herein to estimate the log-normal parameters (median and log-
standard deviation) of the fragility relationships. Tables 6.3 and 6.4 present the derived
median and log-standard deviation for all the analyzed models when using PGA at the

outcrop and PGD at the slope area as a metric of the landslide intensity respectively.

The fragility curves presented below can be used to assess the vulnerability of low-rise,
“high-code” RC buildings on isolated footings subjected to seismically induced slow
moving slides for a variety of slope configurations and site conditions. Similar curves,
generally associated with a more rapid transition from slight damage to collapse could be

derived for “low-code” RC frame structures (see section 6.3.5 and Annex B).

It is noted that PGD refers to the response of the landslide to cyclic loading (and not to
the initial triggering force) that is then correlated to differential permanent displacement
at the foundation level and to structural distortion and damage. Thus, the derived curves
as a function of PGD at the slope area, although initially developed to deal with
earthquake induced landslide displacements, they can also be implemented to buildings

impacted by non-earthquake related slow-moving slides.

It is seen that the structure’s vulnerability may vary significantly with respect to the
various considered features. A first comparison is facilitated by looking at just the
medians of the various analyzed models. Thus, among the analyzed cases, models 23
and 21 would suffer the highest vulnerability whereas models 20 and 18 would sustain
the lowest vulnerability measured in terms of expected median values of PGA and PGD
respectively. The estimated B-values that represent the dispersion of the results are
found to vary from 0.25 to 0.56 and from 0.36 to 0.94 when considering PGA and PGD
respectively as an intensity parameter. To better illustrate the influential role of each
parameter to the building’s expected damage level several comparative plots of fragility

functions are presented in the following subsections.
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Table 6.1. Model features for the parametric analysis

Geometry model Slop?c:;l;::ié\:st;on B Slope(rr\:)ight H (r:nl/séz)c) Soil Distca:-::s Itr&n:)the
Geometry 1 model 1 30 20 250 medium dense sand 3
model 2 30 20 250 relatively stiff clay 3
model 3 30 20 250 medium dense sand 5
model 4 30 20 250 relatively stiff clay 5
Geometry 2 model 5 30 40 250 medium dense sand 3
model 6 30 40 250 relatively stiff clay 3
model 7 30 40 250 medium dense sand 5
model 8 30 40 250 relatively stiff clay 5
Geometry 3 model 9 15 20 150 loose sand 3
model 10 15 20 150 soft clay 3
model 11 15 20 150 loose sand 5
model 12 15 20 150 soft clay 5
Geometry 4 model 13 15 40 150 loose sand 3
model 14 15 40 150 soft clay 3
model 15 15 40 150 loose sand 5
model 16 15 40 150 soft clay 5
Geometry 5 model 17 45 20 500 dense sand 3
model 18 45 20 500 stiff clay 3
model 19 45 20 500 dense sand 5
model 20 45 20 500 stiff clay 5
Geometry 6 model 21 45 40 500 dense sand 3
model 22 45 40 500 stiff clay 3
model 23 45 40 500 dense sand 5
model 24 45 40 500 stiff clay 5
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Table 6.2. Varying soil properties of the analyzed slope configurations

Elastic Stiff soil Relatively stiff soil Soft soil
bedrock sand clay sand clay sand clay
Constitutive model Elastic Col\:l,l(l):;b Col\:IJ(ID:r;b COI\:IJ?:;]b Mohr Coulomb Col\:IJ(ID:r;b Col\:IJ(ID:r;b
Dry density (kg/m?) 2300 2000 2000 1800 1800 1700 1700
Young's modulus (KPa) 4.321-10° 1.300-10° 1.300-10° 2.925-10° 2.925-10° 9.945-10* 9.945-10*
Poisson's ratio 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Drained Bulk modulus K (KPa) 3.600-10° 1.0833-10° 1.083-10° 2.438-10° 2.438-10° 8.288-10* 8.288-10*
Shear modulus G (KPa) 1.662-10° 5.0000-10° 5.000-10° 1.125-10° 1.125-10° 3.825-10* 3.825-10*
Cohesion ¢ (KPa) - 10 50 0 10 0 5
Friction angle ¢ (degrees) - 44 27 36 25 25 15
Hydraulic conductivity (m-sec™) 5-10%7 1-10% 1-10%7 1.-10% 1-10%7 1-10% 1-10%7
P-wave velocity V, (m/sec) 1590.20 935.41 935.41 467.71 467.71 280.62 280.62
Shear wave velocity Vs (m/sec) 850.00 500.00 500.00 250.00 250.00 150.00 150.00
Max. allowed zone size (m) 8.50 5.00 5.00 2.50 2.50 1.50 1.50
Max. Allowed frequency 10.00 10.00 10.00 10.00 10.00 10.00 10.00
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Table 6.3. Parameters of fragility functions for all the analyzed models when using PGA as an
intensity measure

Median PGA (g)

Model Dispersion B
LS1 (g) LS2(g) LS3(g) LS4 (9)

1 0.22 0.39 0.58 0.81 0.37
2 0.34 0.75 1.12 1.61 0.40
3 0.31 0.46 0.74 1.00 0.36
4 0.34 0.75 1.12 1.61 0.40
5 0.17 0.28 0.49 0.74 0.43
6 0.27 0.57 1.03 1.53 0.50
7 0.19 0.41 0.66 0.92 0.38
8 0.21 0.46 0.85 1.23 0.50
9 0.29 0.51 0.84 1.17 0.45
10 0.25 0.63 1.17 2.00 0.51
11 0.35 0.62 0.99 1.43 0.42
12 0.25 0.54 1.03 1.58 0.48
13 0.27 0.51 0.82 1.12 0.44
14 0.24 0.64 1.12 1.59 0.48
15 0.32 0.61 0.97 1.29 0.40
16 0.21 0.51 0.99 1.47 0.52
17 0.23 0.35 0.55 0.81 0.39
18 1.46 - - - 0.25
19 0.26 0.41 0.65 0.90 0.37
20 1.60 - - - 0.38
21 0.12 0.19 0.25 0.30 0.44
22 0.88 1.71 - - 0.56
23 0.04 0.13 0.22 0.38 0.55
24 0.63 1.24 - - 0.55
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Table 6.4. Parameters of fragility functions for all the analyzed models when using PGD as an

intensity measure

Median PGD (m)

Model Dispersion

LS1 (m) LS2 (m) LS3 (m) LS4 (m) B
1 0.14 0.37 0.80 1.54 0.42
2 0.25 0.99 2.29 - 0.45
3 0.26 0.53 1.36 2.30 0.45
4 0.25 0.99 2.29 - 0.45
5 0.19 0.44 0.95 1.66 0.40
6 0.33 0.99 2.20 - 0.39
7 0.26 0.70 1.40 2.50 0.36
8 0.23 0.69 1.68 3.26 0.43
9 0.23 0.58 1.20 2.02 0.38
10 0.30 1.07 2.79 - 0.43
11 0.29 0.78 1.61 2.70 0.37
12 0.29 0.90 2.24 - 0.43
13 0.24 0.63 1.33 2.30 0.39
14 0.32 1.28 3.05 - 0.46
15 0.32 0.85 1.97 3.18 0.39
16 0.30 0.98 2.33 0.45
17 0.09 0.18 0.47 0.91 0.43
18 3.87 - - - 0.94
19 0.08 0.24 0.56 1.01 0.44
20 1.83 - - - 0.72
21 0.04 0.16 0.45 0.67 0.50
22 1.13 3.21 - - 0.51
23 0.14 0.22 0.52 0.99 0.48
24 0.66 1.82 - - 0.56

6.2.1.1. Effect of slope inclination

The influence of the slope inclination to the fragility curves in terms of PGA and PGD are

presented in Figures 6.4 and 6.5 respectively for varying slope inclinations (15°, 30°, 45°)

considering both sand (models 1, 9 and 17) and clayey slopes (models 2, 10 and 18). In

particular, the fragility curves for extensive (Figs. 6.4) and slight (Figs. 6.5) damage are

presented for the sand and clayey slope respectively. As shown in Table 6.1, soft,

relatively stiff and stiff soil materials are considered for the 15° 30° and 45° slope

configurations respectively that distinguish different mechanical parameters for the sand

and clay slopes (see Table 6.2). The height of the slope for the herein examined models

is 20 m.
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It is shown that the slope inclination plays a fundamental role in the fragility analysis of
the building standing next to the slope’s edge. However, it should be regarded in
conjunction to the slope soil properties to obtain meaningful conclusions. Thus, for the
sand slope, the building would suffer more damage as the slope inclination increases.

On the contrary, for the clayey slope, the building is expected to sustain less structural
damage when standing on the 45° inclined slope compared to the gentler ones due to the

stiff cohesive soil conditions assumed for the steep slope configuration.
These trends are generally evident when considering both PGA and PGD as intensity

measures.
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6.2.1.2. Effect of slope height

To demonstrate the influence of the slope height on the vulnerability of the building to

permanent ground displacement due to the landslide impact, comparative plots of
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fragility curves as a function of PGA and PGD when varying slope height (H= 20, 40m)

for sand and clayey slopes are presented in Figures 6.6 and 6.7 respectively.

In overall, the slope height can moderately affect the structure’s fragility. Different
trends are revealed depending on the selected intensity measure (PGA or PGD) and the
inclination angle of the analyzed slopes (15° 30° 45°). These trends seem to hold

irrespective of the type (sand or clayey) of the slope soil materials involved.

When using PGA as an intensity parameter, it is seen that the vulnerability of the building
increases with the slope height. As it would be normally expected, this increase is more
pronounced for the 45° steep slope configurations (e.g. models 17, 18, 23, 24) whereas
it is far less important for the 15° inclined slopes (e.g. models 9, 10, 13, 14). In contrast,
the use of PGD as intensity measure, apart from some exceptions, is associated to lower
vulnerability values of the building with increased slope heights. A plausible explanation
of the latter is that in the case of higher slopes the mobilized sliding mass is larger and
thus it affects more the building located close to the crest in terms of total
displacements, which are larger, while the differential displacement demand on the

building is reduced.
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6.2.1.3. Effect of soil material

The soil material is certainly a significant parameter in assessing building’s vulnerability
standing near the crest of a potentially precarious slope. Figures 6.8 to 6.10 present the
derived sets of fragility curves, always given as a function of PGA and PGD, when
varying slope soil properties (sand, clay) for the 15° 30° and 45° slope configurations
respectively. As shown in Table 6.2, soft, relatively stiff and stiff (sand or clay) soil

conditions are considered for the 15°, 30° and 45° inclined slopes respectively.

It is observed that slopes consisting of clay material generally demonstrate better
performance compared to sands when subjected to differential permanent ground
displacements, resulting to lower vulnerability levels for the building. This is largely due
to the inherent cohesive behavior of clay soil material that is associated to the formation
of larger and deeper sliding surfaces. Thus, the considered one-bay building located at a
close distance (i.e. 3m) from the slope’s crest would be practically within the sliding mass
and therefore it is primarily expected to move uniformly with the landslide mass rather
than to distort differentially. The above observation is more noticeable as the slope

inclination increases, i.e. for the stiffer clayey soil materials.
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Figure 6.10. Fragility curves as a function of PGA (left) and PGD (right) when varying slope soil

properties (sand, clay) for stiff soil conditions (slope inclination =45°)

6.2.1.4. Effect of the foundation location with respect to the slope’s crest

The distance of the assumed building from the crest of the slope may also considerably
influence its vulnerability to the permanent landslide displacement. Figures 6.11 and 6.12
display the derived sets of fragility curves when varying the distance from the crest (L=
3, 5m) for sand and clayey slopes respectively. Different observations can be made
depending on the type of the considered slope soil materials. For sand slopes, the
building is expected to suffer less damage as the distance from the crest increases. On
the contrary, for the clayey slopes, the more distant building from the crest would be
more vulnerable. This differentiation lies again on the nature of the slope soil materials
involved that are associated to the formation of sliding surfaces that may vary for very
small and shallow for sands brittle slopes to large and deep for clayey deformable slopes.
Thus, the assumed one-bay building standing at 3m from the crest of the clayey slope is
basically within the landslide mass and moves rather uniformly as a rigid body whereas

for increasing distances from the crest (5 m) the building shifts (partially) outside the
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landslide mass and therefore it exhibits more differential (rather than uniform) ground
displacements and hence more structural damage. On the other hand, the building
located at the closest distance from the crest (i.e. 3m) of the sand slope is outside the

landslide mass and consequently it is subjected to extensive differential deformation

demand that is gradually decayed as the distance from the crest increases.
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6.2.2 Generalized fragility curves

Seven sets of fragility curves both in terms of PGA and PGD (Fig. 6.13) are proposed
herein that could be used for engineering applications based on the main features that
proved to be the most influential in assessing the vulnerability of the building to the
differential permanent deformation due to the landslide hazard. These are principally the
slope inclination and the soil material of the slope that are found to be highly correlated.
The slope height is also proved to be a significant contributor to the building’s fragility for
the steep sand slope configurations. Thus, for the 45° inclined sand slopes fragility curves
are also differentiated with respect to the considered slope height (H=20, 40 m). The
latter curves are probably less accurate than the others as they are based on a smaller
simulated dataset. It is noted that the proposed curves have been constructed
considering the most adverse position of the building with respect to the landslide that
was found to be different for sand and clay slopes. It is also important to note that the
curves presented herein refer to “high-code”, adequately confined RC frame structures.
The corresponding suggested curves accounting for “low-code”, poorly confined frames
are presented in Annex B. Tables 6.5 and 6.6 present the median and dispersions of the

suggested curves when using PGA and PGD as an intensity measure respectively.
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Figure 6.13. Proposed fragility curves as a function of PGA (left) and PGD (right) for high-code,
low-rise RC frame buildings subjected to permanent landslide displacements

Table 6.5. Parameters of the proposed fragility functions using PGA as an intensity measure
Median PGA (g)

Parametric Dispersion
models LS1 LS2 LS3 LS4 B
(9) (9) (9) (9)

sand_f30 0.20 0.34 0.54 0.76 0.40

clay_B30 0.27 0.53 0.93 1.37 0.46

sand_B15 0.28 0.50 0.83 1.17 0.44

clay_B15 0.23 0.54 1.01 1.51 0.50
sand_B45_H20 0.23 0.35 0.55 0.81 0.39
sand_B45_H40 0.12 0.19 0.25 0.30 0.44

clay_pB45 1.04 1.77 - - 0.66

Table 6.6. Parameters of the proposed fragility functions using PGD as an intensity measure
Median PGD (m)

Parametric

models LS1 LS2 LS3 LS4 Dispersion B
(m) (m) (m) (m)
sand_B30 0.15 0.39 0.87 1.64 0.43
clay_g30 0.22 0.67 1.70 3.43 0.43
sand_B15 0.24 0.60 1.29 2.19 0.40
clay_g15 0.28 0.94 2.32 - 0.43
sand_B45_H20 0.09 0.18 0.47 0.91 0.43
sand_B45_H40 0.04 0.16 0.45 0.67 0.50
clay_B45 0.77 1.72 - - 0.47

As already shown, the building founded upon sand slopes is expected to demonstrate a
greater damaging potential than the respective clayey ones. The corresponding curves
referring to sand slopes are generally shifted to the left compared to clays and they are
associated with a more rapid transition from slight to complete damage limits. These

differences are becoming much more pronounced as the slope inclination increases.
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Among the considered cases, the sand steep, high-rise slope and clay steep slope
configurations are producing the most and the least damage respectively on the building.
The dispersion of the suggested curves is found to vary from 0.39 to 0.66 and from 0.40
to 0.50 when considering PGA and PGD respectively as an intensity parameter. As shown
on the tables presented above, the larger B values are expected for the 45° slope

configurations and for clayey soil materials.

6.3 Sensitivity analysis

Apart from the main parametric investigation, a sensitivity analysis is also conducted to
examine the relative influence of various additional parameters on the structure’s
performance and fragility. In all analyzed cases hereafter we refer to a 30° inclined and
20m high slope configuration consisting of a relatively stiff upslope soil material
corresponding to soil class C according to EC8 (Vs=250 m/s), to allow for direct

comparison with the already analyzed reference models 1 to 4 (see Table 6.1) .
6.3.1 Effect of water table

The influence of groundwater in altering the slope's seismic response and the extent of
ground and foundation irreversible deformation and consequently the expected structural
damage is investigated herein. In particular, two hydraulic conditions are examined: a
first one with no water (dry materials, models 1 and 2) and a second with a water table
level located at 80% of the slope height (saturated materials underneath the water table
and dry materials above). Non-liquefiable upslope soil deposits are considered in this
research as the proposed methodology (Chapter 4) is dealing with slow movements. The
analyzed slope dynamic models (B=30°, H=20m, Vs=250m/sec) vary only in the
hydrological and soil conditions studied. A single bay-single story bare frame RC building
with flexible foundation system standing 3m from the slope’s crest is considered for all

the analysis cases.

The results are given in terms of fragility functions that account for dry and partially
saturated soil conditions. The corresponding plots of the fragility diagrams are illustrated
in Figures 6.14 and 6.15 for slopes consisting of sand and clay soil materials respectively.
For sand soil conditions, the presence of water results in a slight increase on the total
and differential displacement imposed to the building at the foundation level that causes
a shift of the respective curves to the left (Fig. 6.14). On the contrary, the corresponding
displacement is decreased in case of clayey materials yielding to lower vulnerability levels

(Fig. 6.15). A reasonable explanation could be the following: the presence of
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groundwater might potentially reduce the static factor of safety of the slope giving rise to
instability and/or permanent displacement that was found to be more pronounced for
higher permeability values i.e. for the sand soil material (Srivastava et al., 2010). In
addition, its presence is associated with the formation of larger sliding surfaces that, in
relation to the proximity of the structure to the slope’s crest, results to reduced
differential displacements for the specified building (located 3m from the crest) resting

on the clay slope and to slightly increased differential deformation for the building on the
sand slope.
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Figure 6.14. Fragility curves as a function of PGA (left) and PGD (right) when varying the
hydraulic conditions (dry or partially saturated materials) for sand slopes
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6.3.2 Effect of strain softening in slope soil material

In all analyses performed so far non-softening slope soil materials are considered.
However, quite often brittle soils in slopes may exhibit a strain softening behavior when

subjected to cyclic loading. In these materials, a progressive failure can occur owing to
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the reduction of strength with increasing strain (e.g. Bjerrum, 1967; Dounias, 1988;
Troncone, 2005; Conte et al., 2010; Kourkoulis et al., 2010).

In order to capture such phenomena, a simple elastoplastic constitutive model of the
Mohr-Coulomb type coupled with an isotropic strain-softening rule, able to simulate the
reduction of the strength parameters after the onset of plastic yield, may be used (Fig.
6.16). The use of such models allows for simulating the formation of shear zones in
which strain localized and hence are capable to reproduce a progressive failure process
along a potential rupture surface in slopes. The model requires the specification of peak
and residual strength as a function of the deviatoric plastic strain. A piecewise-linear
variation of strength parameters with plastic shear strain is adopted herein to simulate
the strain softening law (Fig. 6.17). The determination of peak and residual values of
cohesion, friction angle and dilation as well as the yield and failure plastic strains depend
on the soil type and should be based on appropriate laboratory and in situ tests. From a
computational point of view, the adaptation of such a model presents many difficulties
associated with lack of convergence due to numerical/physical instability and mesh
dependency (e.g. Troncone 2005; Conte et al, 2010; Kourkoulis et al., 2010). In the
present study, the proper element size of the slope dynamic model in the slope area was
determined through a parametric analysis to balance between accuracy and

computational efficiency as discussed in Kourkoulis et al. (2010).

Following the calibration procedure discussed in Anastasopoulos et al. (2007) to model
medium dense Fontainebleau sand, the softening behavior of sand soil is determined
utilizing the values for strength and plastic strain given below: ¢,=39°, y,=11° ¢,=30°,
W=0° y,=2%, y,=13.5%. The derived dynamic model, expect for the considered strain
softening slope material, distinguishes the same features with the analyzed model 1 (see
Table 6.1) to allow for direct comparisons. Figure 6.18 presents the derived sets of
fragility curves as a function of PGA and PGD considering a non-softening (model 1) and
a softening soil material. As we may see, the curves accounting for the slope soil
materials with strain softening behavior are more close together and are generally
associated with increased steepness and higher vulnerability levels. A physical
interpretation of this lies on the inherent softening behavior of the sand soil material,
which is simulated by reducing its friction angle and dilation from peak to residual with

increasing deviatoric shear strain.

More research is needed to analyze strain softening behavior of slopes in different soil
conditions (e.g. a stiff clay) and slope configurations. However, it's worth noting that
such analyzes are computationally expensive and therefore they are often warranted only
for site specific applications where detailed information on the soil parameters and strain

thresholds are available from in-situ or laboratory tests.
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Figure 6.17. Idealization of the variation of cohesion, friction and dilation with plastic shear strain
to simulate strain softening soil behavior
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6.3.3 Effect of foundation compliance

The parametric analyses conducted in section 6.2 refer to a simple single bay-single
storey RC bare frame structure founded on flexible foundation system (e.g. isolated
footings). However, as it has been thoroughly discussed Chapter 4, the stiffness of the
foundation system may considerably modify the deformation demand for the building and

its resistance ability and therefore its vulnerability.

The fragility curves (Figs. 6.20 and 6.21), as developed in Chapter 4, are also presented
herein for the building founded on two different foundation systems (Fig. 6.19), namely
isolated footings (models 1 and 2) and a continuous raft foundation, to stress the
significant role of foundation flexibility in assessing the vulnerability of the building to the
differential permanent displacement due to the landslide hazard. The building is assumed
to be standing 3 m from the crest of a potentially unstable sand and clayey slope. It is
noticed that simulation issues, concerning e.g. the modeling of the foundation system,

have been extensively presented in Chapter 4 and are not repeated herein.
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Figure 6.19. Schematic view of the analyzed single bay-single storey RC bare-frame structures
with flexible (left) and stiff (right) foundations
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Figure 6.21. Fragility curves as a function of PGA (left) and PGD (right) when varying the
flexibility of the foundation system for clayey slopes

Overall, the computed fragility curves display an important reduction on the structure’s
expected damages when a stiff foundation system rather than a flexible one is
considered. This observation is noticeable for both slopes consisting of sand and clay
material. Thus, the fragility curves proposed in 6.2.2 that refer to buildings on flexible
foundation are expected to be always on the safe site. Once the type and relative
stiffness of the foundation system is adequately known (e.g. for site specific applications
and critical structures), the suggested curves for flexible foundations (isolated footings)
could be properly modified to capture the influence of the foundation flexibility on the

structure’s performance and vulnerability.

6.3.4 Effect of building geometry

One-bay one-storey RC frame buildings have been investigated so far. Such simple
structures have been found to adequately capture the performance of the low-rise RC
frame buildings to permanent ground deformations (e.g. Bird et al. 2005; 2006;

Negulescu and Foerster 2010).

However, for the sake of completeness, it was decided to carry out a sensitivity analysis
on the geometry of the building (e.g. number of storeys, number of bays) considering
different foundation systems and slope material properties to identify possible trends in

its vulnerability.

6.3.4.1. Number of storeys

The effect of number of storeys on the expected differential deformation demand for the
building and consequently on its structural response and vulnerability is explored herein
considering different foundation types and slope soil materials. To this aim, 1 bay - 2
storey RC bare frame structures are analyzed (Fig. 6.22) assuming the same slope

dynamic properties (i.e. see models 1 and 2) and typological parameters as for the
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respective 1 bay- 1 storey buildings (see Fig. 6.19 for the corresponding sketches).
Worthy of note is the fact that the load applied on the foundation system of the two-
storey frames is doubled with respect to the corresponding load on the one-storey frame

structure resulting to increased slope and foundation deformations.

Figures 6.23 to 6.26 depict the derived sets of fragility curves when considering a one-
storey and a two-storey structure accounting for different foundation systems (flexible,

stiff) and slope soil materials (sand, clay).

In all cases, the two-storey building is expected to sustain more damage compared to
the corresponding one-storey building. This is largely due to the heavier loaded
foundation assumed in the simulation of the two-storey building that gives rise to
increased permanent displacements at the slope area. In this regard, it might deem

necessary to modify the proposed curves in 6.2.2 for weightily loaded structures.
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Figure 6.22. Schematic view of the analyzed 1 bay- 2 storeys RC bare frame structures with
flexible (left) and stiff (right) foundations
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Figure 6.23. Fragility curves as a function of PGA (left) and PGD (right) when considering a one-
storey and a two-storey structure on flexible foundations for sand slopes
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6.3.4.2. Number of bays

The number of bays of the considered building is an additional parameter that is selected
to vary in this research. In particular, 2-bay RC bare frames are also studied considering
different foundation systems and slope soil conditions. A schematic view of the analyzed

two-bay structures is illustrated in Figure 6.27.

The performance of these structures is compared with the corresponding performance of
the single-bay frames (see Fig. 6.19) by means of fragility functions considering common
features for the slope dynamic models (model 1 and 2) and the structural typology. The
building is assumed to be located 3m from the crest of the slope. It is noticed that the
surcharge load on the foundation of the two-bay frame that is applied to an extended
zone (determined by the foundation width), may contribute in deviating the path of
excessive shearing deformation and consequently in altering the potential sliding surface
exhibited.

A graphical representation of the fragility relationships is given in Figures 6.28 to 6.31. It
is seen that, for the sand slope case, the two-bay frame would be less vulnerable
compared to the corresponding single-bay frame building. On the contrary, for the clay
slopes, the two-bay frame would suffer more damages than the single-bay one. These
observations hold true irrespective of the foundation typology considered; they are
associated to the relative position of the foundation to the potential sliding surface as
well as to the zone in which the surcharge load is applied. For the slopes consisting of
clayey soil material, the zone of the applied load on the foundation for the two-bay
building would be comparable in dimensions with the potential sliding surface and thus
the building would be partially outside the landslide mass resulting to increased
differential deformation compared to the single-bay case where a rather more uniform
movement of the building is anticipated. On the other hand, for the sand slope materials
this zone is quite larger than the expected possible sliding surface and therefore a

generally reduced differential deformation demand for the building is more likely.
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Figure 6.27. Schematic view of the analyzed 2 bays- 1 storey RC bare frame structures with
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Figure 6.29. Fragility curves as a function of PGA (left) and PGD (right) when considering a one-
bay and a two-bay structure on flexible foundations for clay slopes
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Figure 6.30. Fragility curves as a function of PGA (left) and PGD (right) when considering a one-
bay and a two-bay structure on stiff foundations for sand slopes
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Figure 6.31. Fragility curves as a function of PGA (left) and PGD (right) when considering a one-
bay and a two-bay structure on stiff foundations for clay slopes
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6.3.5 Effect of building code design level

The code design level is another important parameter in assessing the vulnerability of RC
frame structures to the irreversible landslide displacement. Considering that low-code RC
buildings are poorly constructed structures characterized by a low level of confinement,
the limit steel strains needed to exceed post yield limit states should have lower values
compared to high-code, properly constructed RC buildings. As a consequence, different
limit state values were adopted for exceedance of extensive and complete damage for
low- and high-code frame RC buildings (see Chapter 4, Table 4.6) based on the work of
Crowley et al. (2004), Bird et al. (2005), Negulescu and Foerster (2010) and engineering
judgement. The corresponding fragility functions for the high- and low-code designed
buildings as a function of PGA and PGD assuming the same geometrical and hydro-

geological conditions (model 1) are depicted in Figure 6.32.
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Figure 6.32. Fragility curves as a function of PGA (left) and PGD (right) when varying the code
design level

It is observed that for the 1 and 2™ limit states, low- and high-code RC frame buildings
experience quite similar performance. However, when extensive or complete damage to
the building members is anticipated, the deviation in the building performance for low-
and high-code designed buildings is expected to increase resulting to higher vulnerability
levels for low code buildings. This is due to the low levels of attainable limit strains
assumed for low-code building compared to high code, adequately confined structures.
Several portfolios of fragility curves for low-code buildings based on the most crucial

analyzed features are given in Annex B.
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6.4 Conclusive remarks

Generic fragility curves both in terms of PGA and PGD have been proposed based on an
extensive parametric investigation and sensitivity analysis of various slope
configurations, soil properties and distances of the building with respect to the slope’s
crown. The features that have proved to affect more drastically the vulnerability of the
building to the differential permanent deformation due to the seismically induced
landslide hazard are the slope inclination in conjunction with the slope soil material. The
slope height has also turned out to significantly influence the building’s fragility for the
steep sand slope configurations. Based on the above observations, seven sets of fragility
curves have been suggested considering the most adverse position of the building with

respect to the landslide that was found to be different for sand and clay slopes.

Several additional parameters, namely the water table level, the consideration of a strain
softening landslide material, the flexibility of the foundation system, the number of bays
and storeys of the building and the code design level, have also been studied for specific
finite slope geometries and soil conditions, to illustrate the relative influence of each one
of them on the structure’s fragility. The influence of each parameter may vary with
respect to the slope soil material (e.g. for the water table) and the foundation compliance
(e.g. for the building geometry). Overall, their effect might potentially control the
structure’s fragility. It is noted, however, that a more in depth analysis of each of the
additional features is generally warranted only for case histories where adequate
quantitative data on the soil properties, slope geometry and building typologies are

available.



CHAPTER 7

Validation of the proposed method

7.1 Introduction

The reliability and accuracy of the proposed methodology (Chapter 4) is assessed
through the comparison of the analytically derived fragility curves with literature curves
and recorded building damage data from two real case histories: Kato Achaia slope in
Peloponnese -Greece and the Corniglio-Italy case study. In addition, in order to increase
the applicability band of the proposed methodological framework, more realistic fragility

curves are suggested for a representative building in Corniglio village.

7.2 Comparison of the developed fragility curves with literature
curves

The validity of the developed curves is assessed through their comparison with respective
literature curves derived by different approaches. In particular, fragility curves based on
empirical damage data (Zhang and Ng, 2005), engineering judgement (NIBS, 2004) and

on numerical simulations (Negulescu and Foerster, 2010) are used for that comparison.

Moreover, fragility curves derived for buildings subjected to ground shaking on
horizontally layered soil deposits are used for approximate correlations with the ones
proposed in this study. The purpose of this comparison is twofold: first, to assess the
reliability of the proposed curves (mainly in terms of the order of magnitude) and second
to gain better insight into the relative extent of damage and the associated failure
mechanisms that dominate the structural response and fragility for structures subjected

to ground shaking and co-seismic slope deformation respectively.

Among the developed curves, the ones that are selected for the comparison refer to a
low-rise, high-code RC frame building resting on a shallow foundation of varying stiffness
characteristics (i.e. isolated footings, continuous raft foundation) located next to the

crest (i.e. 3m) of a 30° inclined sand slope (see Chapter 4). These curves generally
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represent a somewhat moderate case in terms of the expected vulnerability of the

building to the permanent landslide displacement (see Chapter 6).

7.2.1 Comparison with empirical curves

Zhang and Ng (2005), based on statistical analysis of the actual observed displacement
on over 300 buildings, proposed empirical fragility curves as a function of the limiting
tolerable settlement (maximum vertical foundation displacement) and angular distortion
(the average slope of the associated differential settlement of the building). The authors
used the term “intolerable” to describe the displacements (settlements and angular
distortions) that affect the safety, function and appearance of the structure. The
buildings were classified into two main categories according to their foundation type
(shallow or deep foundation). Among the studied buildings, they found that 95
experienced certain settlement and 205 certain angular distortion. The authors did not
mention the origin of these displacements (e.g. due to landslide hazard). Tables 7.1 and
7.2 provide a summary of the limiting tolerable and intolerable displacements of these
buildings (shallow foundation and all foundations cases are shown herein) in terms of
settlements and angular distortions respectively. Table 7.3 presents the corresponding

mean and standard deviations of these displacements.

Table 7.1. Summary of tolerable and intolerable settlements on buildings considering different
foundation types (adapted from Zhang and Ng, 2005)

Settlement interval All foundations Shallow foundations
(cm) Tolerable  Intolerable Tolerable Intolerable
0-2.5 25 0 18 0
2.6-5 16 0 10 0

5.1-10 10 6 7 4
10.1-15 2 3 2 3
15.1-20 2 0 1 0
20.1-25 1 7 1 5
25.1-30 1 3 1 3
30.1-40 0 8 0 7
40.1-50 1 2 1 2
50.1-150 0 8 0 6

w
N
N
-
w
o

0-150 (all) 58
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Table 7.2. Summary of tolerable and intolerable settlements on buildings considering different
foundation types (adapted from Zhang and Ng, 2005)

Angular distortion

All foundations

Shallow foundations

Tolerable Intolerable Tolerable Intolerable
0-0.001 23 2 18 0
0.0011-0.002 28 10 21 4
0.0021-0.003 17 13 14 7
0.0031-0.004 8 21 7 17
0.0041-0.005 2 10 2
0.0051-0.006 2 8 1
0.0061-0.008 1 12 1 9
0.0081-0.010 0 20 0 19
0.011-0.050 0 25 0 18
0.051-0.100 0 3 0 2
0-0.10 (all) 81 124 64 89

Table 7.3. Statistics of intolerable and limiting tolerable settlement and angular distortion of
buildings (adapted from Zhang and Ng, 2005)

All foundations Shallow foundations
Statistics Standard Standard
Mean i as Mean e
deviation deviation
Observed intolerable settlement (cm) 40.3 33.4 39.9 32.3
Limiting tolerable settlement (cm) 12.3 7.3 12.9 7.2
Observed intolerable angular distortion 0.0116 0.0143 0.0119 0.0138
Limiting tolerable angular distortion 0.0028 0.0024 0.003 0.0015

To allow for direct comparisons of the fragility curves developed in this research to the

corresponding curves provided by Zhang and Ng (2005), the proposed curves were

properly modified as a function of the induced settlement and angular distortion

respectively. The Maximum Likelihood method as described in Chapter 4 is used to

estimate the log-normal

distributed fragility parameters presented

in Table 7.

4,

Comparative plots of the proposed curves for building on flexible and stiff foundations to

the empirical ones as a function of settlement and angular distortion are given in Figures

7.1to 7.4.
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Table 7.4. Fragility parameters of the proposed curves in terms of settlement and angular

distortion
Limit state Flexible foundation Stiff foundation
LS1 0.07 0.06
) LS2 0.21 0.32
Sett(';r;‘e”t Median LS3 0.31 0.75
LS4 0.49 1.36
Dispersion B 0.39 0.42
LS1 0.006 0.007
Angular Median LS2 0.018 0.029
distortion LS3 0.037 0.061
LS4 0.064 0.100
Dispersion 0.36 0.37

Overall, the comparison between the curves is judged satisfactory considering the large
uncertainty and variability involved and the fact that the empirically derived curves are
dealing with foundation movements irrespective of their origin (e.g. earthquake induced

landslide hazard) and the superstructure typology.

A good correlation is observed between the empirical curves and the proposed fragility
curves for the building when using Settlement as a metric of the landslide displacement.
A better match is detected for buildings on flexible foundation rather than on stiff ones.
The correlation is not so good when using Angular distortion as an intensity parameter.
In particular, the empirical curves are generally shift to the left predicting quite low
median values of limiting tolerable angular distortion and consequently increased
expected building damage. These low values are probably associated to loss of
functionality (e.g. due to tilting), which is not accounted for in the proposed numerically

derived curves, and not to structural damage to the building members.
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Figure 7.1. Comparison of the proposed fragility curves as a function of settlement for the building
on flexible foundation with the corresponding empirical curves provided by Zhang and Ng (2005)
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Figure 7.2. Comparison of the proposed fragility curves as a function of settlement for the building
on stiff foundation with the corresponding empirical curves provided by Zhang and Ng (2005)



188 Seismic Vulnerability of Reinforced Concrete Buildings in Sliding Slopes

)
re!

&
1]

o
~

)
ol

5 . | —®—L31 - flexible foundation
""""""""" —a—| 527 - flexible foundation
| —%—LS53 - flaxible foundation

—*— | 54 - flexible foundation

Limiting tolerable angular distortion 4
Zhang and Mg {2008)

OLIR . --------- | o) 2, Intolerable angular distortion
; : Zhang and Mg {200%)
I 1

=
0]

=
T

P{ LS>»LSi/Angular distortion)
L]
w

F- i
0 0.05 0.1 O 0.2
Angular distortion (m)
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Figure 7.4. Comparison of the proposed fragility curves as a function of angular distortion for the
building on stiff foundation with the corresponding empirical curves provided by Zhang and Ng
(2005)

7.2.2 Comparison with expert judgment curves

HAZUS loss estimation methodology (NIBS, 2004) provided fragility curves for structures
subjected to earthquake-induced ground failure taking into account the expected mode of

failure and the foundation type (see also Chapter 3, § 3.3.2). Separate fragility curves
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distinguishing between ground failure due to lateral spreading and ground failure due to
ground settlement, and between shallow and deep foundations were proposed. Only one
combined Extensive/Complete damage state was considered. In essence, according to
HAZUS, buildings were assumed to be either undamaged or severely damaged due to
ground failure. Fragility curves were derived as a function of permanent ground
displacement (PGD) using a form similar to those used to estimate shaking damage.
Engineering judgment was used to develop a set of assumptions, which define building
fragility. Suggested median and lognormal standard deviation values in terms of PGD for
buildings on shallow foundations or buildings of unknown foundation type are given in
Table 7.5. As shown in the table, that lateral spread was judged to require significantly
more PGD to effect severe damage than ground settlement. This is due to the fact that
many buildings in lateral spread areas are generally expected to move with the spread,

but not to be severely damaged until the spread becomes quite significant.

Table 7.5. Suggested log-normally distributed fragility parameters of HAZUS for shallow/unknown
foundations

Lateral Spread PGD
Settlement PGD (m)

(m)
Median 0.254 0.1524
Dispersion 1.2 1.2

The expert judgemental curves provided by HAZUS are compared with the numerically
derived curves for extensive and complete damage for the building on flexible and stiff
foundations (Figs. 7.5 to 7.10). The herein proposed curves are given as a function of the
maximum permanent ground displacement vector (PGD), horizontal permanent ground
displacement (PHGD) and vertical permanent ground displacement (PVGD) at the slope
area, to permit the comparison with both HAZUS curves (Figs. 7.5 and 7.8) and
separately with the curves which account for lateral spreading (principally horizontal
movement) (Figs. 7.6 and 7.9) and settlement (principally vertical movement) (Figs. 7.7
and 7.10) respectively. The log-normal distributed fragility parameters of the proposed
curves in terms of PGD, PHGD and PVGD are presented in Table 7.6.

A good agreement between the proposed curves for the building on flexible foundation
and the respective HAZUS curves is observed, with the latter generally predicting larger
vulnerability values. However, the comparison is not satisfactory when considering a
building on stiff foundations. In particular, HAZUS curves are found to be far more
conservative, highlighting the influential role of foundation stiffness (that is not taken
into account in HAZUS methodology) in modifying (generally reducing) the building

vulnerability to the permanent landslide displacement.
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Table 7.6. Fragility parameters of the proposed curves in terms of PGD, PHGD and PVGD

Limit state Flexible foundation Stiff foundation
LS1 0.14 0.24
Medi LS2 0.37 0.96
edian
PGD LS3 0.80 2.35
(m)
LS4 1.54 -
Dispersion 0.42 0.46
LS1 0.12 0.19
Medi LS2 0.31 0.81
edian
PHGD LS3 0.67 2.08
(m)
LS4 1.35 3.66
Dispersion B 0.46 0.47
LS1 0.08 0.13
Medi LS2 0.22 0.49
edian
PVGD LS3 0.43 1.15
(m)
LS4 0.80 1.88
Dispersion B 0.40 0.40
1

=
T

—o— |53 - flexible foundation
—+— | 54 - flexible foundation

P( LS>LSi/PGD)
[}
[0y}

e — L 53/L54 Settlement -
0.2 Hazls (NIBS 2004) _
i - o 53054 Lateral spreading -
o1l S 4 Crce—— HAZUS (NIBS 2004) -
0 L i i
0] 1 2 3 4 =)
PGD (m)

Figure 7.5. Comparison of the proposed fragility curves for extensive and complete damage as a
function of permanent ground displacement (PGD) for the building on flexible foundation with the
corresponding expert judgment curves provided by HAZUS (NIBS, 2004)
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Figure 7.6. Comparison of the proposed fragility curves for extensive and complete damage as a
function of permanent horizontal ground displacement (PHGD) for the building on flexible
foundation with the corresponding expert judgment curves provided by HAZUS (NIBS, 2004) for
ground failure due to lateral spreading
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Figure 7.7. Comparison of the proposed fragility curves for extensive and complete damage as a
function of permanent vertical ground displacement (PVGD) for the building on flexible foundation
with the corresponding expert judgment curves provided by HAZUS (NIBS, 2004) for ground failure

due to settlement
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Figure 7.8. Comparison of the proposed fragility curves for extensive damage as a function of
permanent ground displacement (PGD) for the building on stiff foundation with the corresponding
expert judgment curves provided by HAZUS (NIBS, 2004)
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Figure 7.9. Comparison of the proposed fragility curves for extensive and complete damage as a
function of permanent horizontal ground displacement (PHGD) for the building on stiff foundation
with the corresponding expert judgment curves provided by HAZUS (NIBS, 2004) for ground failure
due to lateral spreading
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Figure 7.10. Comparison of the proposed fragility curves for extensive and complete damage as a
function of permanent vertical ground displacement (PVGD) for the building on stiff foundation
with the corresponding expert judgment curves provided by HAZUS (NIBS, 2004) for ground failure
due to settlement

7.2.3 Comparison with numerically derived curves

Negulescu and Foerster (2010) proposed a simplified analytical methodology to assess
the vulnerability of simple RC frame structures subjected to free-field differential ground
displacement based on 2-D nonlinear static time-history analyses (see also Chapter 3, §
3.3.2). They examined different parameters that could influence structural behavior:
foundation type (i.e. different combinations of links), cross-section geometry, section
reinforcement degree, displacement magnitudes and displacement inclination angles.
Structural damage levels were considered, as in the present study, based on the local
strain limits of steel and concrete constitutive materials. A set of preliminary fragility
curves was derived considering encasing links for the foundation to represent a
continuous surface foundation or a building with a basement. Table 7.7 shows the

fragility parameters used to construct the fragility curves.

To assess the validity of the curves proposed in this research, they are also compared
with the curves given in Negulescu and Foerster (2010). For the purpose of this
comparison, the herein proposed curves are modified in terms of differential ground
displacement at the foundation level. The corresponding medians and dispersions of
these curves for the building on flexible and stiff foundations, are presented in Table 7.8.

As we may see from the table, the expected median differential ground displacement
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values are increased as the stiffness of the foundation system increases, resulting to

reduced vulnerability values for the building on stiff foundations.

Figures 7.11 and 7.12 shows comparative graphs of the proposed fragility curves as a
function of differential ground displacement for the building on flexible foundation and
stiff foundations respectively with the corresponding analytical curves given in Negulescu
and Foerster (2010). It is observed that the suggested curves in this research for the
building on flexible foundation are in good correlation with the Negulescu and Foerster's
curves, taking also into account the different assumptions and uncertainties associated
with them. On the contrary, for the curves referring to a building on stiff foundations the
correlation is not so good. In particular, the building resting on stiff foundations is
expected to sustain less structural damage compared to the Negulescu and Foerster's
curves, highlighting the importance of modeling the soil-foundation-interaction in that
case. It ‘s worth noting, however, that, for the stiff foundation case, the total building
damage (structural and non-structural) is generally expected to be significantly larger as
a considerable amount of damage would be attributed to rigid body movement reducing

the serviceability level of the building.

Table 7.7. Fragility parameters of the numerically derived curves provided by Negulescu and
Foerster (2010)

Limit state
LS1 0.05
Differential Median LS2 0.12
displacement LS3 0.27
(m) LS4 0.40
Dispersion B 0.50

Table 7.8. Fragility parameters of the proposed curves in terms of differential ground
displacement

Limit state f FIeX|bI_e Stiff foundation
oundation
LS1 0.07 0.08
Differential Median LS2 0.17 0.34
displacement LS3 0.34 0.86
(m) LS4 0.59 1.38

Dispersion 3 0.36 0.38
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Figure 7.11. Comparison of the proposed fragility curves as a function of differential ground
displacement for the building on flexible foundation with the corresponding analytical curves
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Figure 7.12. Comparison of the proposed fragility curves as a function of differential ground
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7.2.4 Comparison with seismic fragility curves for horizontally layered soil

media

It is also particularly interesting from an engineering viewpoint to compare the fragility
curves proposed in this research for buildings standing near the crest of a slope that are
exposed to co-seismic irreversible slope displacements to the ones for buildings on
horizontally layered soil deposits (without any topographic irregularity) subjected to

cyclic loading due to an earthquake.

To accomplish this, an analytical code developed within the framework of Syner-G
European project is used. The so-called Syner-G Fragility Function Manager (Crowley et
al. 2011- SYNER-G project) is an efficient tool able to store, harmonize and compare
different sets of fragility curves. It is based on the collection of existing fragility functions
and the identification of categories for grouping buildings (taxonomy) and for
harmonizing different intensity measures and limit states. Except for the already
available fragility functions in the code, the recently developed fragility curves by
Fotopoulou et al. (2012) for seismically designed RC frame buildings were stored and
harmonized to permit correlations. It ‘s worth noting that the fragility curves in Syner-G
Fragility Function Manager tool have been constructed for buildings subjected to ground
shaking and not to earthquake induced differential permanent ground displacement, as
proposed in this research, and thus only approximate comparisons, focusing e.g. on the

order of magnitude, are possible.

The selected curves were harmonized both in terms of the intensity measure and the
number of limit states to permit direct comparison. In particular, the harmonization in
terms of the intensity measure was performed using PGA at the outcrop as the target
intensity measure and considering appropriate conversion equations depending on the
initial intensity parameter and the region of interest (see Table 7.9). The harmonization
in terms of limit states is conducted by considering two different limit states, namely
yielding and collapse, based on the reasonable assumption that yielding will almost
always be either the first or the second curve whilst the collapse limit state is usually the
last curve in the set (Crowley et al. 2011- SYNER-G project). Table 7.9 presents the basic
references and assumptions associated with that curves. Table 7.10 presents the
harmonized fragility parameters of the curves proposed in this thesis (see Chapters 4 and
6) referring to low-rise, seismically designed, RC moment-resisting bare frame buildings
on flexible foundations subjected to co-seismic permanent landslide differential
displacement for the yielding and collapse limit states. Comparative plots between the
proposed curves for the yielding and collapse limit states and the harmonized literature

seismic fragility curves are presented in Figures 7.13 to 7.22.
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It is shown that for the yielding limit state most of the literature curves predict larger
damages for the building (the curves given by Ozmen et al. (2010) and Rossetto and
Elnashai (2003) represent an exception). This is reasonable considering that the building
is generally expected to suffer some (usually slight) initial damage due to ground shaking
before the onset of the landslide movement. On the contrary, it is observed that for the
collapse limit state most of the literature curves estimate lower vulnerability values for
the building with respect to the ones proposed in this study. Thus, it is implicitly shown
that once the landslide has triggered by the earthquake, it may become the prevailing

damage mechanism resulting to larger damages for the building near collapse.

Overall, the comparisons are judged satisfactory revealing, however, the high aleatory
and epistemic uncertainty associated with the different fragility curves found in the

literature.
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Table 7.9. Main parameters of the literature seismic fragility curves used for the comparison

Intensit Intensity Cumulative
Reference Region of applicability Methodology y measure type distribution
measure . .
conversion function
Euro-Mediterranean Analytical - Nonlinear
Ahmad et al. 2011 Regions (Greek, Italy, Y Stati PGA - Lognormal
tatic
Turkey)
Borzi et al. 2007 Italy Analytical - _NonImear PGA - Lognormal
Static
Kappos et al. 2003 Greece Hybrid PGA - Lognormal
Ozmen et al. 2010 Turkey Analytical - N_onImear PGA - Lognormal
Dynamic
Rossettozf:(])r(m)d3 Elnashai Europe Empirical PGA - P=1-exp(-aGMB)
Tsionis et al. 2011 Euro-Mediterranean Analytical — Nonlinear PGA _ Lognormal
Regions Dynamic
Analytical - Nonlinear Bommer and
Akkar et al. 2005 Turkey Dynamic PGV Alarcon 2006 & Lognormal
y IBC 2006
Analytical - Nonlinear Bommer and
Erberik 2008 Turkey Dynamic PGV Alarcon 2006 & Lognormal
y IBC 2006
MCS Scale (Mercalli Margottini et al
Nuti et al. 1998 Italy Empirical - Cancani - 9 ’ Lognormal
. 1992
Sieberg)
Fotopoulou et al. 2012 Euro-Mediterranean Analytical - Nonlinear PGA ~ Lognormal

Regions

Dynamic
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Table 7.10. Fragility parameters of the harmonized proposed fragility curves used for the
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Figure 7.13. Comparison of the harmonized proposed fragility curves as a function of PGA for low-
rise, seismically designed, RC frame buildings exposed to co-seismic slope displacements with the
corresponding curves provided by Ahmad et al. (2011) for the same building typologies when
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Figure 7.14. Comparison of the harmonized proposed fragility curves as a function of PGA for low-
rise, seismically designed, RC frame buildings exposed to co-seismic slope displacements with the

corresponding curves provided by Borzi et al. (2007) for the same building typologies when

subjected to seismic ground shaking
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Figure 7.16. Comparison of the harmonized proposed fragility curves as a function of PGA for low-
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Figure 7.17. Comparison of the harmonized proposed fragility curves as a function of PGA for low-
rise, seismically designed, RC frame buildings exposed to co-seismic slope displacements with the
corresponding curves provided by Rossetto and Elnashai (2003) for the same building typologies
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rise, seismically designed, RC frame buildings exposed to co-seismic slope displacements with the
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subjected to seismic ground shaking
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Figure 7.19. Comparison of the harmonized proposed fragility curves as a function of PGA for low-
rise, seismically designed, RC frame buildings exposed to co-seismic slope displacements with the
corresponding curves provided by Akkar et al. (2005) for the same building typologies when
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Figure 7.20. Comparison of the harmonized proposed fragility curves as a function of PGA for low-

rise, seismically designed, RC frame buildings exposed to co-seismic slope displacements with the

corresponding curves provided by Erberik (2008) for the same building typologies when subjected
to seismic ground shaking
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Figure 7.21. Comparison of the harmonized proposed fragility curves as a function of PGA for low-
rise, seismically designed, RC frame buildings exposed to co-seismic slope displacements with the
corresponding curves provided by Nuti et al. (1998) for the same building typologies when
subjected to seismic ground shaking
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Figure 7.22. Comparison of the harmonized proposed fragility curves as a function of PGA for low-
rise, seismically designed, RC frame buildings exposed to co-seismic slope displacements with the
corresponding curves provided by Fotopoulou et al. (2012) for the same building typologies when

subjected to seismic ground shaking



204 Seismic Vulnerability of Reinforced Concrete Buildings in Sliding Slopes

7.3 Application to Kato Achaia slope- western Greece
7.3.1 Introduction

The reliability and applicability of the proposed fragility curves is also explored through
its application to real case histories. More specifically, the approach is implemented to a
reference RC building located in the vicinity of the Kato Achaia slope's ridge, where most
of the building damages were observed as a result of the Ilia-Achaia, Greece 2008 (Mw=
6.4) earthquake. The ultimate goal of the analysis is to assess the validity of the
developed fragility curves via comparison with recorded and simulated building damage
data.

7.3.2 The Earthquake of 8 June 2008 in Achaia-Ilia, Greece

On 8 June 2008, an Mw 6.4 strong earthquake occurred in the area of northwest
Peloponnese, western Greece, at a distance of about 17 km southwest of the town of
Patras on a dextral strike slip fault (Fig. 7.23). The main shock was recorded by 27
strong motion instruments at distances ranging approximately from 15 to 350 km from
the surface projection of the fault. Of those 27 stations, six are within a relatively small
region in Patras (Margaris et al., 2010). The event caused considerable structural
damage to buildings and infrastructures. Ground failure was widely observed within
approximately 15 km of the fault, taking the form of landslides (mostly rockfalls),

liquefaction, coastal subsidence, and settlement of fills (Margaris et al., 2008).

The town of Kato Achaia is located approximately 20 km from the epicenter of the main
shock and from the town of Patras (Fig. 7.23). The minimum distance from the surface
projection of the fault was estimated as Ry, = 6 km (Fig. 7.24). The site along the coast
of Kato Achaia was found to suffer extensive ground deformation due to liquefaction.
However, it is not our objective here to study liquefaction phenomena. Preliminary
investigation on Kato Achaia area indicates peak horizontal ground acceleration values on

the order of 0.3g, quite higher than the values recorded in Patras downtown.

An important concentration of severe building damages is observed near the edge of the
cliff that comprises the northern boundary of Kato Achaia town (Fig. 7.25). This is
probably due to simple site amplification in the vicinity of the crest as it is illustrated by
the amplification of the horizontal acceleration and the generation of parasitic vertical
acceleration near the top of the slope (Athanasopoulos G. and Pefani H., personal
communication, 2010). However such models are not considering any effect from

permanent ground displacements due to differential ground movements close to the
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slope and the crest. In the present study, the possible presence of both phenomena is

investigated.
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Figure 7.23. Fault of the June 8, 2008 sequence (black) (determined by analysis of the main
shock and aftershock distribution) and already mapped faults (red).The red circle denotes the
epicenter of the main shock. Towns affected by the earthquake are denoted by squares. (Margaris
et al., 2010).
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Figure 7.24. Strong motion stations located near the ruptured fault segment. Distance of Kato
Achaia town from the surface projection of the fault.
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in Kato Achaia

Figure 7.25 denotes the area with the larger concentration of damaged buildings (in red),
while the narrow red zone indicates the area with complete collapses of the buildings. As
expected for this level of shaking, the field reconnaissance survey revealed that the
earthquake did not cause the complete failure of the slope; only limited permanent
deformations were observed close to the slope’s crest, implying that probably the
building damage occurred primarily as a result of ground shaking and its amplification
due to the topographic and complex site effects and not in consequence of extensive co-
seismic irreversible slope deformation. However this has to be confirmed through

numerical non-linear analysis.

7.3.3 Slope non-linear dynamic analysis

The present study aims at the investigation through numerical fully non-linear dynamic
analysis of the Kato Achaia slope performance and the potential effects on the buildings
located in the vicinity of the slope’s crest; Different earthquake scenarios are examined.
The main idea is first to verify through numerical nonlinear models that for the 8 June
2008 earthquake the observed building damages occurred primary as a result of
amplified ground shaking; then, for a stronger earthquake hazard scenario (e.g. with a
mean return period T, of 1000 years) to assess the vulnerability due to permanent co-
seismic slope displacement of a reference RC building standing near the slope’s crown.
The methodology proposed in this thesis (Chapter 4) for the vulnerability assessment of

RC buildings subjected to earthquake induced slow moving slides is used.

In order to estimate structural vulnerability for a given earthquake triggered landslide

scenario, one could directly use the proposed fragility curves derived via numerical
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parametric analysis (see Chapter 6). These correspond to the simplified geometrical,
geological and structural settings for the slope and the structure. Nevertheless, it was
decided to reproduce the numerical simulation for the real slope geometrical, hydro-
geotechnical, geological and shaking characteristics to check the reliability and

applicability band of the proposed simplified curves.

Figure 7.26 presents the topographic map (original scale 1:5000) of the Kato Achaia area
and the location of the 2 dimensional cross-section A-A’ used to conduct the numerical
dynamic analysis. A geotechnical and geophysical investigation has been performed by
the University of Patras (Greece) Civil Engineering Department (UPatras;

http://www.civil.upatras.gr/) in the broader area including geotechnical boreholes, Nspr

tests, Surface Waves tests (using ReMi, SASW and MASW techniques) and classical
geotechnical laboratory tests on representative and undisturbed soil samples. Based on
the above data provided by the University of Patras, Figure 7.27 presents the simplified
2-dimensional cross-section used for the dynamic analysis together with the (two) sites
of geotechnical boreholes whereas Figure 7.28 presents the corresponding finite
difference grid. The water table is found to be located 30 m below the slope’s crest and
1m above the slope’s toe. The geotechnical surveys reveal 9 different soil layers. The
geotechnical characteristics assigned to each layer are summarized in Table 7.11. It
should be noted that the investigation of the potential for liquefaction is beyond the

scope of this study.

Figure 7.26. Topographic map (original scale 1:5000) of Kato Achaia area and position of A-A’
cross section.
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Figure 7.27. Soil model used for the 2D finite difference dynamic analysis of the Kato-Achaia slope
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Figure 7.28. 2D FLAC dynamic model adopted for the Kato-Achaia slope

In order to establish correlation between the earthquake demand and the permanent
differential displacements for the building, dynamic non-linear analyses were performed
using the computer code FLAC 6.0 (Itasca, 2008). The soil materials are modeled using
an elastoplastic constitutive model with the Mohr-Coulomb failure criterion, assuming a
zero dilatancy non-associated flow rule. The discretization allows for a maximum
frequency of at least 10Hz to propagate through the finite difference grid without
distortion. A small amount of mass- and stiffness-proportional Rayleigh damping is also
applied (0.5-2%), to account for the energy dissipation during the elastic part of the

response and during wave propagation through the site. The center frequency of the
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installed Rayleigh damping is selected to lie between the fundamental frequencies of the
input acceleration time histories and the natural modes of the system. The 2D dynamic
model is 800m wide and the elevations of ground surface vary from 160 to 195 m. The

slope’s height and inclination are estimated at 23 m and 28° respectively.

Free field absorbing boundaries are applied along the lateral boundaries while quiet
(viscous) boundaries are used along the bottom of the dynamic model to minimize the
affect of reflected waves. In order to apply a compliant base along the same boundary as
the dynamic input, the seismic motion is modeled as stress loads combining with the

quiet (absorbing) boundary condition.

Table 7.11. Soil properties used for the 2D finite difference cross-section

Material (KNv/dm3) (KI¥7a:n3) P: ratio Vs (m/sec) (?) (K;a)
Soil 1 (SM-CL) 18 20 0.4 150-250 27 5
Soil 2 (CL) 19 21 0.4 250-450 20 35
Soil 3 (ML) 19 21 0.4 450-550 34
Soil 4 (ML) 19 21 0.4 450-550 38
Soil 5 (CL-ML) 20 21 0.4 450-550 30 8
Soil 6 (ML) 20 21 0.4 550 24 15
Soil 7 (SM-SC) 20 21 0.4 550 40 8
Soil 8 (OL-CL-OH) 20 21 0.4 550 22 50
Soil 9 (OL-CL) 21 22 0.4 550-1000 28 80

A RC building is assumed to be located 3 m from the slope’s crest. At this (first) stage of
the numerical analysis, the building is modeled only by its foundation with a width of 6m
(uncoupled approach). The combined effect of the soil-structure interaction and of the
topographic irregularity on the dynamic response of the building (e.g. see Pitilakis 2009)
is not taken into account in the analysis. A flexible foundation system (isolated footings)
simulated with concentrated loads (P=50KN/m) at the footings’ links is considered. Thus,

no relative slip between foundation and subsoil is permitted.

Due to the lack of acceleration records within the slope area, two different strong motion
time-histories recorded at the stations PAT3 - (Patra High School) and Pat_Hosp (Patras
Hospital) of the town of Patras were used in the numerical simulations (see Fig. 7.24).
The base motions imposed in the dynamic model were obtained by deconvolution of the
motion recorded in Patras and appropriate scaling for distance. The code Cyberquake
(BRGM Software, 1998) and the profiles of Figure 7.29 were used for this purpose. Site
conditions for the selected stations were made available from previous geotechnical and

geophysical investigations (Athanasopoulos G. and Pefani H., personal communication,
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deconvolution analysis
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2010). Three different sets of G-y-D curves proposed by Darendeli (2001), which account
for soil plasticity, OCR, and overburden pressure, were used for the deconvolution
analysis (Fig. 7.30). The deconvoluted excitations which were obtained and used as
seismic input are shown in Figure 7.31. Before applied to our Kato Achaia 2D model, they
are subjected to appropriate correction (baseline correction and filtering) to allow for an

accurate representation of wave transmission through the model.
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Figure 7.31. Input outcropping horizontal accelerations used in the dynamic analysis

Finally the input accelerograms are scaled for two levels of peak ground acceleration at
the assumed seismic bedrock, namely 0.2 and 0.5g. The low level of excitation is taken
to be consistent with the PGA values reported at the Kato Achaia area during the 2008
Ilia Achaia earthquake (reaching PGA values on the order of 0.3g at the free surface).
The higher excitation level (0.5g) is considered in order to further investigate irreversible
deformation beneath the building’s foundation and finally to assess the vulnerability of
the assumed building due to the differential permanent ground displacement induced by
the landslide. The differential horizontal ground displacements at the foundation level
derived from the 2D finite difference dynamic analysis by applying the PAT3-T and
Pat_hosp-N accelerograms at the assumed seismic bedrock are schematically illustrated

in Figure 7.32 for the two levels of excitation.

In accordance with the field observations carried out after the 2008 Achaia-Ilia
earthquake, relatively small (<10cm) total and differential deformations at the building’s
foundation level are anticipated when applying the outcropping horizontal accelerograms
scaled at 0.2g (Fig. 7.32- left). In contrast, for the stronger earthquake scenario (0.5g),
significant differential permanent displacements (0.4m - 0.6m) are expected (Fig. 7.32-
right).
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Figure 7.32. Differential horizontal ground displacements at the building’s foundation level for low
and high excitation level.

7.3.4 Fragility analysis of the building

The analysis of the building is conducted by means of the finite element code
SeismoStruct (Seismosoft, SeismoStruct 2011), which is capable of calculating the large
displacement behavior of space frames under static or dynamic loading, taking into
account both geometric nonlinearities and material inelasticity. Both local (beam-column
effect) and global (large displacements/rotations effects) sources of geometric
nonlinearity are automatically taken into account. The spread of material inelasticity
along the member length and across the section area is represented through the
employment of a fibre-based modeling approach, implicit in the formulation of
SeismoStruct's inelastic beam-column frame elements. Nonlinear static time-history
analyses are performed for all numerical simulations. In particular, the differential
permanent displacement (versus time) curves (Fig. 7.32), directly extracted from the
FLAC dynamic analysis, are imposed as quasi-static loads at one of the RC frame

supports.

The studied building is a “low-code”, single bay-single storey RC bare frame structure,
considering that most of the existing RC buildings found in the area are low rise, old,
poorly constructed structures. The building’s height and length are 3m and 6m
respectively. A uni-axial nonlinear constant confinement model is used for the concrete
material (f.=20MPa, f;=2.1MPa, strain at peak stress 0.002mm/mm, confinement factor
1.2), assuming a constant confining pressure throughout the entire stress-strain range
(Mander et al, 1988). For the reinforcement, a uni-axial bilinear stress-strain model with
kinematic strain hardening is utilized (f,=400MPa, E=200GPa, strain hardening

parameter p =0.005). All columns and beams have rectangular cross sections (0.40x
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0.40m). A low level of steel reinforcement is used (8®12) for all the cross sections

considered.

Table 7.12. Definition of Limit states for “low-code” RC buildings

Limit state Steel strain (&) —low code

design
Limit State 1 Steel bar yielding
Limit State 2 0.0125
Limit State 3 0.025
Limit State 4 0.045

The building structural response is obtained for the two different levels of excitation by
analyzing the building capacity under the deformation demand (differential displacement
time histories). In order to identify the building performance (damage) state, 4 limit
states (LS1, LS2, LS3, LS4) are defined in terms of allowable values of steel
reinforcement strain, based on the work of Crowley et al. (2004), Bird et al. (2005),
Negulescu and Foerster (2010) and engineering judgment (Table 7.12). This concern
exceedance of minor, moderate, extensive and complete damage of the “low-code”
designed building.

The building’s damage level is finally assessed by comparing the response of the critical
member of the building (in terms of maximum steel bar strain) for the given hazard level
to the specified threshold values for each limit state. As expected, the building will
sustain slight damage (average maximum steel strain at the critical column &2 =0.0027
>0.002=Es/fy) due to permanent ground deformation (landslide) for the low level of
input excitation (0.2g), which most probably happened during the earthquake under
consideration. This is in line with the minor permanent slope displacement observed after
the 2008 Achaia-llia earthquake. On the contrary, for the strong earthquake scenario
(0.5g), the structure is expected to suffer complete damage (average maximum steel
strain at the critical column &g,y =0.0545> 0.045), making the repair of the building non

feasible in physical or economical terms.

The fragility curves that are found to be more representative of the geotechnical,
geological, geometrical and structural characteristics of the site and the building (“Low-
code” building- Slope inclination 30°- sand soil), derived via an extensive parametric

analysis (Chapter 6), are depicted in Figure 7.33.
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Figure 7.33. Fragility curves proposed for the specific site and structural characteristics

It is observed that the proposed curves predict that the typical building studied herein
would suffer extensive or complete damage (estimated probabilities of being in extensive
and complete damage state 0.34 and 0.29 respectively) for the high seismic hazard
scenario (0.5g) and no or low damage for the low seismic hazard scenario (0.29)
(estimated probability of being in no damage and slight damage state 0.45 and 0.482
respectively). These observations are in fairly good agreement with the recorded (for the
low hazard scenario) and simulated damages (for both hazard levels) of the typical

building.

7.4 Application to buildings in Corniglio village- Italy
7.4.1 Introduction

Stemming from the valuable set of data (in terms of ground and building landslide
displacement and measured building damage) which were made available and post-
processed for a population of buildings in the village of Corniglio in the North-Western
Italian Appennines (Callerio et al., 2007), the aim of the present study is twofold: first, to
explore the reliability of the fragility curves derived via an extensive parametric
investigation (Chapter 6) through their comparison with the observed damage data for a
representative RC frame building at Coniglio village for the measured level of ground and
building displacement and then, to enhance the applicability of the proposed

methodological framework (Chapter 4), by comparing the more realistic fragility curves
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derived for the Corniglio case history through straightforward numerical computations

with the observed building damage data.

7.4.2 Landslide movement and building damage data in Corniglio village

The Corniglio Village is located in the northern part of the Appennines, at an altitude of
about 700 m a.s.l., between the towns of Parma and La Spezia (as shown in Fig. 7.34).
The morphology of the investigated area shows the characteristics features of an

Appennine mountain site, with steep slopes alternating with narrow and deep valleys.

The Corniglio Village area is principally affected by two different slide movements
(Lessloss, 2005): a deep rock block slide (cross section A-A in Fig.7.34) and a surface
rotational landslide (cross section B-B in Fig. 7.34). The geological profile of B-B cross
section, in which this study is focused, is presented in Figure 7.35. Several re-activations
of the landslides have affected Corniglio village damaging buildings, roads and other
infrastructures. The landslide movements are attributed mainly to a decrease of
geomechanical parameters, caused by the weathering process due to intense

precipitations and weak and moderate seismic activity.

The time period of interest in this study lies from September 1994 to December 1999
that was characterized by nearly continuous landslide activity. Through the entire period
considered, the observed displacements reached tens of m on the main slide body, the
so-called “Lama” (see Fig. 7.34), causing heavy damage to all sparse buildings in the
Lama area. In Corniglio Village, the surface ground movements measured by
inclinometers reached typically 20 to 25 cm, resulting to moderate/significant damage to
the buildings located in the old centre of the village. The induced physical damage to the
buildings in Corniglio included cracks in masonry vaults, opening of structural joints,
cracking of retaining walls and in vertical and horizontal structural elements etc. Figure
7.36 illustrates representative observed building damages in Corniglio village. The most
frequent structural typologies of Corniglio buildings, as it can be reasonably assumed on

the basis of the pictures, are low-rise masonry buildings and low-rise RC frame buildings.

A substantial set of instrumental observations has been gathered mainly from the Emilia
Romagna Regional Administration in charge of the monitoring and surveillance activities,
including inclinometer data (monitoring ground movements in free field), geodetic
levelling data on almost every building within the village area for the entire period of

interest and crack aperture measurements in some susceptible to damage buildings.

The inclinometers position, the locations of the geodetic targeted points (and their ID’s)

and, for each building monitored, a letter from A to Z between brackets which indicates
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the crack meters installed, are depicted in Figure 7.37. The most damaged buildings are

denoted by red filled polygons.
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Figure 7.34. General plan of the area of Corniglio affected by the landslide phenomena during the
years 1995-2000. The indicated displacements (ADG = Absolute Ground Displacement) are
obtained by aerial photo interpretation (*Lama” area) and inclinometer readings (Village) (Callerio
et al., 2007)
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Building n. 25 Building n. 18

Building n. 17 Building n. 63

Figure 7.36. Representative physical damage to buildings in Corniglio village (Callerio et al., 2007)
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The processing of the data set was conducted by Callerio et al. (2007), focusing on
establishing a correlation among ground displacement, building movements and damage
induced during sliding so as to provide the basis for a probabilistically sound vulnerability

assessment framework.

The damage levels observed in Corniglio were defined in terms of ease of repair, based
on the scale proposed by Standing et al (1999), identifying 3 damage levels: negligible to
slight, slight to moderate and moderate to severe. The ease of repair was then related to

the measure of cracks opening.

Figures 7.38 to 7.43 display the ground displacement measured by the nearest
inclinometer with respect to the building location, the building movement by geodetic
levelling and the opening of each crack monitored on the structure. All the plots are over
imposed on the damage scale in terms of cracks opening, to assess for each building the
expected damage state. As it can be noticed from the figures, the ground displacement is
not always linearly related to building movement. Moreover, the crack openings, which
depend on various local factors (e.g. direction of crack opening, texture of the walls,
precence of structural reinforcement etc.) are not directly related to ground
displacement. A rather linear relationship between the building movement and crack

opening is detected in some of the cases (i.e. for buildings 17, 23, 25).
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Figure 7.38. Correlation between absolute ground displacement (from nearby Inclinometer A3-2),
building n. 17 and 18 displacement (from geodetic levelling) and crack opening (compared to the
defined damage levels) as a function of time (Callerio et al., 2007)
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7.4.3 Comparison of the observed building damage with the damage

predicted by the proposed and simulated fragility curves

The present study is focused on the fragility analysis of building n. 17 due to its proximity
to the inclinometer A3-2, which is installed near the slope crown of the geotechnical
profile B-B of the Corniglio case history (see Fig. 7.35). As shown in Figure 7.38,
building n. 17 is a rather simple two-storey RC frame structure with masonry infill walls.
Figure 7.44 shows a closer view of building n. 17 and of the nearby inclinometer A3-2

within the Corniglio area.

Despite the proximity of building n.18 as well to the inclinometer A3-2 and the fact that
the recorded displacements on both buildings 17 and 18 show more or less the same
trends, building n. 18 is an upper class, well maintained masonry bearing wall structure
with an heavy roof (A. Calerio, personal communication 2012), which is not considered

appropriate for the herein fragility analysis, concentrated on RC buildings.

Other buildings, such as buildings n. 33 (RC frame 3 storey building, now demolished)
and n. 35 (mixed RC frame, masonry structure), could potentially be suitable for this
study. However, these buildings are not directly influenced by the landslide movement of

the B-B cross section.
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Figure 7.44. Closer view of building with ID 17 and the nearby inclinometer A3-2 within the
Corniglio area. The geodetic and crack monitored points on the buildings are also shown (in green)

As it was expected, the given data do not exactly fit the proposed curves derived through
the parametric analysis (Chapter 6). In particular, the studied slope configurations do not
match very precisely to the given finite slope geometry and soil geotechnical properties
of Corniglio case history (see Fig. 7.35, geotechnical profile B-B: average slope
inclination= 37°, average height 43 m). Moreover, first-time failures where the sliding
surface is allowed to be freely developed were analyzed in Chapter 6, as opposed to the
Corniglio case study where a pre-existing landslide has to be simulated. Regarding all
the above, two different approaches of increased complexity for the fragility analysis of

building n. 17 in Corniglio village are presented in the ensuing.
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7.4.3.1. Reliability assessment of the proposed fragility curves

As a first step analysis, two sets of the already developed curves, i.e. the ones that are
more representative for the Corniglio case history, were selected to compare with the
recorded building damage, for the measured level of building displacement (see Fig.

7.38). These curves have been developed for:
e slope height: 40 m,
e slope inclinations: 30° and 45° respectively
e sandy slope materials
e low code RC frame buildings with flexible foundations

A graph of the aforementioned developed curves is shown in Figure 7.45 for slope
inclinations 30° and 45° respectively. It is noted that the curves are presented as a
function of the maximum permanent displacement at the foundation level to allow for
direct applications, considering the site-specific nature of the problem. The derived

lognormal median and dispersions of the fragility functions are given in Table 7.13.

It 's also worth noting that the adoption of the steel and concrete strain as a damage
index in this research (see Chapter 4) implies a structural damage (e.g. in terms of
cracks) and a subsequent ductile failure of the building members. This is certainly the

case for building n. 17 where extensive cracking was recorded (see Fig. 7.38).

Table 7.13. Parameters of the representative fragility functions

Displacement at the foundation level (m)

L. . Slope inclination angle Slope inclination angle
Limit strain B=30° B=45°
Median Dispersion 8 Median Dispersion 8
Limit State 1 0.075 0.031
Limit State 2 0.257 0.141
0.51 0.49
Limit State 3 0.450 0.267

Limit State 4 0.770 0.472
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Figure 7.45. Representative fragility functions derived from the parametric analyses

The damages predicted by the curves are compared with the damages observed in
building n. 17 for the recorded level of displacement, i.e. 0.121 m. As shown in Figure

7.38, for this level of displacement, the building would be in “"moderate to severe

damage level according to the damage states proposed in Callerio et al. (2007).
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The proposed curves predict “"slight to moderate” to "moderate to extensive” damages
that are in relatively good correlation with the corresponding assigned damage levels
based on the field measurements and observations. As it can be easily seen in Figure
7.45, the expected damages when using the curves derived for 45° slope inclinations are
more in line with the observed structural performance. In particular, the estimated
probabilities of exceeding slight and moderate damage are 1.0 and 0.4 respectively for
the curves referring to the 45° inclined slope whereas the corresponding probabilities are

0.84 and 0.08 respectively for the curves referring to the 30° inclined slope.

7.4.3.2. Fraqility curves for the Corniglio case study — Comparison with recorded damage

data
Considering the relatively crude approximation that it may be achieved with the
comparisons presented below, a more sophisticated analysis is performed herein
resulting to the development of fragility curves for the Corniglio case history based on
the data provided (e.g. geotechnical profile B-B, inclinometer A3-2 records associated
with building n.17 geodetic and crack measurements). Fragility curves are derived from
the response of the landslide to earthquake shaking that is in our case the differential
displacement at the foundation level. The ultimate goal of the analysis is to get more
reliable correlations between the observed and simulated damage of the building for the
recorded displacement level so as to enhance the reliability and applicability band of the

proposed methodology (Chapter 4).

In terms of numerical computations, a two-step uncoupled analysis is performed based
on the methodological framework described in Chapter 4. The computer codes FLAC2D
7.0 (Itasca, 2011) and SeismoStruct (Seismosoft, SeismoStruct 2011) are used for the

slope-foundation dynamic and structure’s quasi-static analysis respectively.

Taking into account the various uncertainties involved due to lack of a detailed
geotechnical investigation, the simplified finite slope geometry shown in Figure 7.46 is
adopted to simulate the geotechnical profile B-B, characterized by three layers with
different material properties (Soil 1, Soil 2, elastic bedrock) and a pre-existing sliding

surface (Slide). The water table is assumed to lie at the base of the slope (-43m).

The soil materials overlaying the elastic bedrock were defined by the elasto-plastic Mohr
Coulomb constitutive model coupled with the hysteretic damping scheme. In particular,
FLAC 7.0 hysteretic damping formulation was implemented using the “default” model to
account for the nonlinear hysteretic soil behavior prior yielding. The model approximately
fits the damping and shear modulus curves over a reasonable range of strains (e.g. up to

0.2-0.3%) that are expected to occur in the herein dynamic analysis. In particular, the
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Seed and Idriss (1970) sand-upper range curves were used for the slide and the upper

soil formation (Soil 1) whereas Sun et al. (1988) clay-upper range curves were used for

Soil 2. A small amount (e.g. 0.2%) of stiffness-proportional Rayleigh damping was also

added to compensate for the low damping demonstrated by the program at small strains.

In addition, for the elastic bedrock materials a constant 0.5% of Rayleigh-type damping

was assigned. The geotechnical

summarized in Table 7.14.

properties for the assumed 2D cross-section are
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Figure 7.46. Slope configuration adopted for the geotechnical profile B-B

Table 7.14. Assumed soil properties for the geotechnical profile B-B

Soil 1 slide Soil2 paastic
Soil thickness (m) 20 1.0-2.0 93 40
Density p (kg/m?) 1800 1700 2000 2300
Young's modulus E (KPa) 2.925E+05 4.420E+04 1.300E+06 4.321E+06
Poisson's ratio v 0.3 0.3 0.3 0.3
Bulk modulus K (KPa) 2.438E+05 3.683E+04 1.083E+06 3.600E+06
Shear modulus G (KPa) 1.125E+05 1.700E+04 5.000E+05 1.662E+06
K+ 4G/3 3.900E+05 5.894E+04 1.733E+06 5.761E+06
Cohesion (KPa) 10 8 50 -
Friction angle (degrees) 35 35 30 -
P wave velocity Vp (m/sec) 465.48 186.19 930.95 1582.61
Shear wave velocity Vs (m/sec) 250.00 100.00 500.00 850.00
Max. allowed zone size (m) 2.50 1.00 5.00 8.50
Max. Allowed frequency 10.00 10.00 10.00 10.00

Free field absorbing boundaries are applied along the lateral boundaries while quiet

(viscous) boundaries are applied along the bottom of the dynamic model to minimize the
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effect of artificially reflected waves (Itasca, 2011). The simplified FLAC 2D dynamic

model including mesh resolution and boundary conditions is illustrated in Figure 7.47.

A single bay-2 storey RC frame building was assumed to be standing 10 m from the crest
to approximately model building n. 17. The building is modeled at this step with isolated
loads at the footing links (P=80 KN). Thus, no relative slip or separation between the
structure and the underlying soil materials was allowed. The assumed bay length and

storey height are 5m and 3m respectively.

Figure 7.47. Simplified 2D FLAC dynamic model adopted for the geotechnical profile B-B

Prior to the dynamic simulations, a static analysis was carried out to establish the initial
effective stress field throughout the model, and a stationary ground flow analysis was

performed to establish the pore pressure distribution.

The seismic input applied along the base of the model consists of a suit of 13 real

acceleration time histories extracted from SHARE database (Yenier et al., 2010;

http://www.share-eu.org/) from Italian, Greek and USA earthquakes recorded at sites
with average shear wave velocity in the upper 30 m, Vs3, greater than 600 m/sec
(Table 7.15). The 5%-damped acceleration response spectra of the selected records as

well as the corresponding average and median spectra are shown in Figure 7.48.

To obtain the appropriate input motion at the base of the FLAC model, the selected time
histories are first subjected to baseline correction and filtering (f;=0.25Hz, f,=10 Hz) to
assure an accurate representation of wave transmission through the model. Moreover,
due to the compliant base used in the model, the appropriate input excitation
corresponds to the upward propagating wave train that is taken as one-half the target
outcrop motion (Mejia and Dawson, 2006). The selected input time histories are scaled to
three levels of peak ground acceleration, namely PGA=0.1, 0.15, 0.2g, in order to assess

the building response for different ground differential displacement magnitudes to allow
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the evaluation of different damage states for the building and at the end to construct the
corresponding fragility curves. It is noted that due to the presence of a pre-existing
sliding surface, the required amplitude of the input excitations able to cause extensive
slope and foundation deformations is largely decreased compared to the corresponding

amplitude considered for the first-time failures in Chapter 4.

Table 7.15. Ground motion records used in the numerical simulations derived from the SHARE

database
Earthquake Earthquake E|_)|cetral Magnitude Station Vs 30 Database
Name Countr Date distance M Name (m’/s) Cod
Y R (km) w ode
Kalamata Kyparrisia-
Greece 10/6/1987 17 5.36 Agriculture 778 ESMD_126_H1
(Aftershock)
Bank
Athens 4
Ano Liosia Greece 7/9/1999 17 6.04 (Kipseli 934 ESMD_335_H1
District)
Kozani Chromio-
(Aftershock) Greece 17/5/1995 16 5.3 Com_ml_mlty 623 ISESD_1210_H1
Building
. Tolmezzo-
Friuli Italy 6/5/1976 21.7 6.4 Diga Ambiesta 1030 ITACA_16_H1
Friuli
(Aftershock) Italy 15/9/1976 8.5 5.9 Tarcento 901 ITACA_116_H1
Umbria
Marche Italy 14/10/1997 20 5.6 Norcia 681 ITACA_491_H2
(Aftershock)
App. Lucano Italy 9/9/1998 6.6 5.6 Lauria Galdo 603 ITACA_613_H2
L Aquila L Aquila - V.
. d Italy 6/4/2009 4.4 6.3 Aterno - Colle 685 ITACA_857_H2
Mainshock Grilli
San Fernando ~ USA 9/2/1971  20.04 6.61 Lake#q‘ighes 602  NGA_71_H2
Coyote Lake USA 6/8/1979 4.37 5.74 G"m;;é*rray 663  NGA_150_H2
Morgan Hill USA 24/4/1984  36.34 6.19 G"m;?rray 663  NGA_459 H2
Loma Prieta USA  18/10/1989 35.47 6.93 G"m;érray 663  NGA_769 H1
La - Griffith
Northridge-01 USA 17/1/1994 25.42 6.69 Park 971 NGA_994_H1

Observatory
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Figure 7.48. Linear 5%-damped acceleration response spectra of the records selected for
numerical analyses. The average and median spectra are also shown.

Figures 7.49a and b depict the derived horizontal and vertical differential displacements
time histories respectively at the closest edge of the assumed building from the slope’s
crest (i.e. 10 m) for input accelerograms scaled at 0.15 g. It is observed that the specific
characteristics (frequency content and duration) of the seismic ground motions can
significantly affect the history and the amplitude of the computed differential

displacement demand at the foundation level.
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Figure 7.49. Differential horizontal (a) and vertical (b) ground displacements at the building’s
foundation level for input accelerograms scaled at 0.15 g
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Then, a non-linear quasi-static analysis is performed for the studied 1 bay- 2 storey RC
frame building model (Fig. 7.50) by means of the finite element code SeismoStruct
(Seismosoft, SeismoStruct 2011). More specifically, the derived differential displacement
time histories extracted from FLAC dynamic analysis (see Fig. 7.49) were directly applied
as static loads at one of the RC frame supports. The beneficial contribution of masonry

infill walls to the building capacity is not considered in this study.
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L ]
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Figure 7.50. Schematic view of the studied building in Corniglio village

Non-linear fibre-based material properties are assumed for the structural members of the
RC frame building under investigation. More specifically, a uni-axial nonlinear constant
confinement model is used for the concrete material (f.=20MPa, f;=2.1MPa, strain at
peak stress 0.002mm/mm, confinement factor =1 for unconfined and 1.2 for confined
concrete, specific weight=24KN/m3) and a uni-axial bilinear stress-strain model with
kinematic strain hardening is used for the reinforcement (f,=400MPa, E=200GPa, strain

hardening parameter p =0.005, specific weight=78KN/m?).

Figure 7.51 presents representative plot of damage evolution expressed in terms of
maximum steel strain (damage index) as a function of the maximum permanent ground
displacement vector at the foundation level for the low-rise, “low code” designed RC
frame building. The figure also shows the limit steel strains needed to exceed yield and
post-yield limit states for low-code RC buildings characterized by a low level of

confinement as defined in Chapter 4.
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Figure 7.51. Maximum recorded steel strain as a function of permanent ground displacement
vector at the foundation level for the studied building in Corniglio village

Finally, probabilistic fragility curves in terms of permanent displacement vector at the
foundation level for building n. 17 in Corniglio village were derived using the Maximum
likelihood Method (see Chapter 4 for details). Table 7.16 presents the lognormal

parameters of the fragility functions whilst Figure 7.52 depicts the corresponding graphs.

Table 7.16. Parameters of fragility functions for the studied building in Corniglio village
based on the Maximum likelihood method

Permanent displacement at the foundation level (m)

Median (m) Dispersion 8
Limit State 1 0.042
Limit State 2 0.093
0.41
Limit State 3 0.168
Limit State 4 0.315
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Figure 7.52. Fragility curves for the studied RC frame building in Corniglio village

The simulated fragility curves predict that the building n. 17 studied herein is more likely
to suffer “moderate to extensive damage”, for the measured level of displacement, i.e.
0.121 m. In particular, the estimated probabilities of exceeding moderate and extensive
damage are 0.85 and 0.22 respectively. These observations are in fairly good agreement
with the recorded building damages (see Fig. 7.38), verifying the validity of the derived
curves and finally enforcing the credibility and applicability band of the proposed

methodological framework.

7.5 Conclusive remarks

The validity the proposed method has been verified through the comparison of
representative suggested fragility curves in this thesis with corresponding curves
proposed in the literature derived by different approaches (empirical, expert judgment,
analytical). The comparisons are generally judged satisfactory when considering a low-
rise, high-code RC frame building resting on flexible foundations (e.g. isolated footings)
whereas they are not so good in case of the building on stiff foundations (e.g. continuous
raft foundation). In particular, the proposed curves generally predict lower vulnerability
values for the building on stiff foundations compared to the literature ones. It should be
noticed, however, that only the structural damage (e.g. in terms of cracks) to the

building members could be estimated by the proposed curves even though, for the stiff
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foundation case, a considerable amount of damage would be non structural (e.g. rigid

body movement), reducing the serviceability level of the building.

Approximate correlations between the proposed fragility curves in this research for RC
buildings subjected to co-seismic permanent slope displacement and different literature
fragility curves derived for low-rise RC buildings subjected to ground shaking on
horizontally layered soil deposits were also performed. Overall, the comparisons allow
gaining better insight into the relative extent of damage and the associated dominating
failure mechanism for structures subjected to co-seismic slope deformation and ground
shaking respectively. More specifically, for the yielding limit state most of the literature
curves predict larger damages for the building, implying that the building is generally
expected to suffer some initial damage due to ground shaking before the onset of the
landslide movement. For the collapse limit state, on the other hand, most of the
literature curves estimate lower vulnerability values for the building with respect to the
ones proposed in this study. Thus, the landslide, once triggered by the earthquake, may
become the prevailing damage mechanism resulting to greater damages for the building

near collapse.

The reliability and applicability of the proposed methodological framework and the
corresponding fragility curves has been also assessed through its application to two real
case histories: Kato Achaia slope in Peloponnese -Greece and the Corniglio village-Italy
case study. The direct comparison of the recorded damage data on typical buildings with
the corresponding damage predicted by the developed fragility functions proved that the
proposed fragility curves could adequately capture the performance of the representative
RC building affected by the slope co-seismic landslide differential displacement. In
addition, to enhance the effective implementation of the proposed methodological
framework within a probabilistic risk assessment study, more realistic fragility curves
were constructed for a representative building in Corniglio village based on
straightforward numerical computations. The curves were verified through their

comparison with the observed building damage for the measured level of displacement.



CHAPTER 8

Evolution of building vulnerability over time

8.1 Introduction

The assessment of landslide risk depends on the evaluation of landslide hazard and the
vulnerability of exposed structures which both change with time. The real, non-stationary
vulnerability modeling of structures due to landslides may be significantly affected by
various degradation mechanisms such as aging considerations, anthropogenic actions,
cumulative damage from past landslide events and retrofitting measures. Such
mechanisms, however, have been traditionally neglected in vulnerability assessment

studies assuming an optimum plan of maintenance.

With the above in mind, the present work aims at the expansion of the proposed
vulnerability assessment methodology in Chapter 4 to account for the evolution of
building vulnerability over time exposed to earthquake -induced landslide hazard. In
particular, the aging of typical RC buildings is considered in this research by including
probabilistic models of corrosion deterioration of the RC elements within the vulnerability
modeling framework. Two potential adverse corrosion scenarios are examined: chloride

and carbonation induced corrosion of the steel reinforcement.

An application of the proposed methodology to reference low-rise RC buildings exposed
to the combined effect of seismically induced landslide differential displacements and
reinforcement corrosion is provided. Both buildings with stiff and flexible foundation
system standing near the crest of a potentially precarious soil slope are examined. Non
linear static time history analyses of the buildings are performed using a finite element
code. The distribution for the corrosion initiation time is assessed through Monte Carlo
simulation using appropriate probabilistic models for the carbonation and the chloride
induced corrosion. Then, the loss of area of steel over time due to corrosion of the RC
elements is modeled as a reduction in longitudinal reinforcing bar cross-sectional area in
the fiber section model. Time dependent structural limit states are defined in terms of

steel material strain. Fragility curves/surfaces are derived for different points in time as a
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function of Peak Ground Acceleration PGA at the seismic bedrock or permanent co-
seismic ground displacement PGD at the slope area for both chloride and carbonation

induced deterioration scenarios.

8.2 Environmental deterioration of RC structures

8.2.1 Corrosion of reinforcement

The strength of the components of any structural system is in general a time dependent
property which may decrease in resistance along the structure’s service life. Potential
reasons for structural strength and stiffness degradation can be attributed to multiple
factors such as corrosion, erosion, other forms of chemical deterioration and fatigue
(Melchers and Frangopol, 2008). Among these, reinforcement corrosion is undoubtedly,
one of the most important causes of deterioration of reinforced concrete in Europe and
worldwide. Corrosion is a complex process that may affect a RC structure in a variety of
ways, including, among others, cover spalling, loss of steel-concrete bond strength and
loss of reinforcement cross sectional area, potentially resulting to the reduction of the
resistance and load bearing capacity of the structure and to the variation of the failure
mechanism from ductile to fragile type (e.g. Saetta et al., 2008; Mohammed et al.,
2011; Yalciner et al., 2012 etc.). Thus, it may affect both the safety and serviceability of
RC structures in relation to their initial as-built state. Figure 8.1 presents typical

structural failures as a result of reinforcement corrosion.

Figure 8.1. Structural deterioration due to reinforcement corrosion
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Theoretically corrosion of the reinforcement should not occur as the reinforcement is
supposedly well protected by the concrete cover and the alkalinity of the last. Non
carbonated concrete has a high alkalinity (pH=13) that is a result of the presence of
sodium, potassium and calcium hydroxides produced during the hydration of the cement.
In this alkaline environment an oxide layer is formed on the steel surface, the so-called
“passive film” that prevents the corrosion of the reinforcement. However, there are
principally two processes that may break down this passive film: the ingress of chlorides

and carbon dioxide (e.g. Zhong et al., 2010).

Structural Damage Rate of corrasion
represented by the
- . slope
Significant loss of capacity

Corrosion
3 End ofldesign
) working life
< >|€ >]
Initiation Period (t;) Propagation Period (tp)

Age of Structure

Figure 8.2. Schematic illustration of the evolution of the reinforced concrete corrosion (Tuutti,
1982)

The amount of structural damage due to corrosion of steel reinforcement as a function of
the age of the structure can be expressed through a bilinear model as schematically
illustrated in Figure 8.2. Deterioration caused by reinforcement corrosion is normally
divided into two main time periods, the initiation period (t;) and the propagation period
(t,). The initiation period is defined as the time until the reinforcement becomes
depassivated either by the presence of chloride salts or by carbonation. As soon as the
concrete at the depth of the reinforcement is carbonated or contains a critical amount of
free chlorides the reinforcement becomes depassivated and corrosion may occur. This
limit state defines the beginning of the propagation period. During the propagation period
the reinforcement is corroding, which may lead to deterioration of the concrete as well.
Expansive corrosion products provoke cracks along the reinforcement, and subsequently,
spalling of the concrete cover may occur. Finally, the loss of cross section of the

reinforcement may lead to reduction of the load bearing capacity.
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8.2.2 Carbonation-induced corrosion

8.2.2.1. Mechanism

Concrete carbonation induces a decrease of the pH of the pore solution, which leads to
dissolving the protective layer (Fig. 8.3). Then the corrosion of the reinforcement starts
only if the reinforcing steel has significant electrical potential difference along with the
presence of sufficient moisture and oxygen. Concrete carbonation is a complex physico-
chemical process that develops in two distinct regions: the anode, where the passive
layer is destroyed and the steel dissolved; and the cathode, where hydroxide ions are
formed due to the combination of oxygen, water and the electrons coming from the
anode. It includes the diffusion of CO, into the gas phase of the concrete pores and its
reaction with the calcium hydroxyl Ca(OH),. As the high pH of uncarbonated concrete is
mainly due to the presence of Ca(OH),, it is clear that the consumption of this species
will lead to a pH drop, which can attain a value of 9 when the reaction is completed. In
this environment, the oxide layer that protected the reinforcement bars is attacked and
corrosion starts. In practice, CO, penetrates into the concrete mass by diffusion from the

surface layer. Thus a carbonation front appears that moves into the structure (Fig. 8.4).

Depassivation
of reinforcement

Concrete surface

Carbonated I Uncarbonated
(Clear) (Pink/purple)

Figure 8.3. Carbonation in concrete (Beushausen and Alexander, 2010)
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8.2.2.2. Probabilistic modeling of carbonation induced corrosion initiation

Probabilistic modeling of corrosion has much to offer with regard to practicality and
reliability as compared with attempts at formulating purely deterministic models.
Ditlevsen (1984) states: "Probabilistic models are almost always superior to deterministic
models of equal level of complexity in the sense that the former have considerable higher
threshold of realism when dealing with phenomena taking place in uncertain

environments”.

Several methods have been proposed to model corrosion due to carbonation (e.g. Sudret
et al. 2007; Peng and Stewart, 2008; Marques and Costa, 2010 etc.). The reliability-
based model for computing the carbonation depth x. proposed by FIB- CEB Task Group
5.6 (2006) is adopted in this study. The model has been developed within the research
project DuraCrete and slightly revised in the research project DARTS, each project was
funded by the European Union. It is based on diffusion as the prevailing transport
mechanism within the concrete (Fick’s 1st law of diffusion) assuming that the diffusion

coefficient for carbon dioxide through the material is a constant material property.

X (t) =2k, -k -(k Rk, +8)-C, -t -W(t) (8.1)

where
Xc(t): carbonation depth at the time t [mm]

t: time [years]
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ke: environmental function [-]

ke: execution transfer parameter [-]

ki regression parameter [-]

Racco’: inverse effective carbonation resistance of concrete [(mm?/years)/(kg/m?)]
ai. error term,

Cs: CO,-concentration [kg/m?]

W(t): weather function [-]

It is supposed that corrosion immediately starts when carbonation has attained the
rebar. Denoting by a (mm) the concrete cover, the time necessary for corrosion to start,

called corrosion initiation time, is given as:

T

init —

1
_ [2 . ke . kc . (kf;j;éc'o + at) . Cs . t_g-wj[le_lJ (82)

The environmental function k. takes account of the influence of the humidity level on the
diffusion coefficient and hence on the carbonation resistance of the concrete. The

reference climate is T= +20°C/ 65% RH. It can be described by means of Equation 8.3.

9c

fC
1-— (RHreal]
100 (8.3)
e f.
1_ RHref
100
where
RHea: weather nearest station data (daily mean value: 0 % < RH < 100 %)
RH.f [%]: constant parameter, value: 65
dc [-]: constant parameter, value: 2.5

f. [-]: constant parameter, value: 5.0

The execution transfer parameter k. takes the influence of curing on the effective
carbonation resistance into account. It can be described by means of Equation 8.4,

derived from Bayesian regression analysis.

L - (t_j C (8.4)

kc: execution transfer parameter [-]
b.: exponent of regression [-], normally distributed variable

t.: period of curing [d], constant parameter, value: period of curing
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The inverse carbonation resistance of concrete RACC,O'l should be quantified using
different direct and indirect testing methods. If no test data is available, literature data
can be used for orientation purposes [Table B1-2, FIB- CEB Task Group 5.6 (2006)].

The factors k: and a; have been introduced in order to transform the results gained under
“accelerated carbonation” conditions RACC,O'l into an inverse carbonation resistance RNAC,O'l

under “natural carbonation” conditions.
-1 _ -1 -
RNAC,O = kt'RAcc,o + a, (8.5)

Raccot: inverse effective carbonation resistance of dry concrete, determined at a certain
point of time t; on specimens with the accelerated carbonation test ACC

[(mm?/years)/(kg/m?)], normally distributed variable.

RNAC,O'l: inverse effective carbonation resistance of dry concrete (65% RH) determined at
a certain point of time t; on specimens with the normal carbonation test NAC
[(mm?/years)/(kg/m?)]

ki: regression parameter which considers the influence of test method on the ACC-test [-
],normally distributed variable.

a: error term considering inaccuracies which occur conditionally when using the ACC test

method [(mm?/years)/(kg/m?)], normally distributed variable.

The CO, concentration of the ambient air represents the direct impact on the concrete

structure. The impact can be described by the following equation:

CS = CS,atm + CS,emi (86)
where
Cs: CO- concentration [kg/m?]
Cs,atm.: CO; concentration of the atmosphere [kg/m?3]
Cs,emi-+ additional CO, concentration due to emission sources [kg/m?3]
For usual structures, Equation 8.6 can be reduced to Equation 8.7:
Cs = Cs,atm (8.7)

The atmospheric concentration of CO, can be quantified as a normally distributed
variable (mean= 0.00082, s=0.0001).

The weather function W takes the meso-climatic conditions due to wetting events of the

concrete surface into account.



244 Seismic Vulnerability of Reinforced Concrete Buildings in Sliding Slopes

(pSRToW)h”

el g

to: time of reference [years]
w: weather exponent [-]

ToW: time of wetness [-], value: to be evaluated from weather station data

days with rainfall h,, > 2.5 mm per year (8.9)
365

ToW =

psr: probability of driving rain [-],value: depending on the type of structural elements
by: exponent of regression [-],normally distributed variable

t, [years]: constant parameter, value: 0.0767

The statistical quantification of the model parameters is provided in Table 8.1 based on
the FIB- CEB Task Group 5.6 (2006) proposed model. For illustrational purposes, values
for Portland Cement Concrete (PCC) and three different water/cement ratios (namely
w/c=0.4,0.5 and 0.6) are given. Three different corrosion levels (low, medium, high) are

considered in the table based on recent available literature (Marques and Costa, 2010).
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Table 8.1. Statistical characteristics of parameters affecting the carbonation induced corrosion deterioration of RC elements

Water to cement ratio (w/c)

0.4 0.5 0.6 Distribution Reference
Parameters Mean cov Mean cov Mean cov
Cover Depth (mm) a 25.00 0.32 25.00 0.32 25.00 0.32 Lognormal
cov=0.1 cov=0.1, cov=0.1,
Rhreaik (% rel. humidity) 70.00 =40.0 5—100 70.00 a=40.0, 70.00 a=40.0, Beta
TR e b=100 b=100
exponent of regression b, -0.567 0.042 -0.567 0.042 -0.567 0.042 Normal
Inverse carbonation resistance |3 ;o 44 0.15 6.80E-11 0.13 2.30E-10 0.10 Normal | FIB- CEB Task Group 5.6
(Racc,01) (mm</year) / (kg/m?) (2006)
Influence of test method k; 1.25 0.28 1.25 0.28 1.25 0.28 Normal
Error term et (mm?/years) 315.5 0.15 315.5 0.15 315.5 0.15 Normal
Cs, atm (kg/m?) 0.000820 0.12 0.000820 0.12 0.000820 0.12 Normal
Exponent of regression b, 0.446 0.365 0.446 0.365 0.446 0.365 Normal
Low corrosion Level | 0.1-0.5 0.1-0.5 0.1-0.5
Rate of . .
Corrosion (reorr) Med'”Teszlrms'O” 0.5-1 0.25 0.5-1 0.25 0.5-1 0.25 Normal |Marques and Costa (2010)
mA/cm?
High corrosion Level >1 >1 >1
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8.2.3 Chloride-induced corrosion

8.2.3.1. Mechanism

Chloride induced corrosion is reportedly the most serious and widespread deterioration
mechanism of concrete structures, fib (2006). It can be attributed to the ingress of
chloride ions from the concrete surface through the concrete cover to the reinforcing
steel. Once the chlorides have penetrated the concrete cover and reached the surface of
reinforcement, and their concentration exceeds a threshold value, corrosion is initiated
(Figs. 8.5 and 8.6). According to DuraCrete (2000) two exposure environments are of
main concern, namely marine and road environment. Within these, different zones are
identified:

- the atmospheric

- the splash

- the tidal and

- the submerged zone

Chloride-induced corrosion causes extensive damage as the presence of salt and water

creates the right conditions for rapid corrosion rates generating pits and expansive rust.

Depth of chloride penetration
sufficient to cause corrosion

Typical chloride
profile in concrete

Corrosion threshold — 0.4%

Chloride by mass of cement (%)

.

Depth into concrete (mm)

Figure 8.5. Typical chloride profile in concrete (Beushausen and Alexander, 2010)
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Figure 8.6. Chloride induced corrosion of reinforcement (Beushausen and Alexander, 2010)

8.2.3.2. Probabilistic modeling of chloride induced corrosion initiation

Several models have been proposed to quantify and account for corrosion in the design,
construction, and maintenance of RC structures. A summary of these models can be
found e.g. in DuraCrete (1998). Researchers tend to agree that corrosion phenomena are
subject to severe uncertainties thus necessitating the use of probabilistic models. The
probabilistic model proposed by FIB- CEB Task Group 5.6 (2006) for modeling corrosion
initiation due to chloride ingress is adopted herein. It is based on the limit-state
Equation 8.10, in which the critical chloride concentration Cg is compared to the actual
chloride concentration at the depth of the reinforcing steel at a time t C(x = a, t). The
model has been developed within the research project DuraCrete and slightly revised in

the research project DARTS, each project was funded by the European Union.

C

crit.

- C(x =a,t)= C0+(CS,M—CO)-[1—erfA] (8.10)

2-JD,,ct

where
Cerit.: critical chloride content [wt.-%/c]

C(x,t): content of chlorides in the concrete at a depth x (structure surface: x = 0 m) and
at time t [wt.-%/c]

Co: initial chloride content of the concrete [wt.-%/c]
Csax: chloride content at a depth Ax and a certain point of time t [wt.-%/c]
x: depth with a corresponding content of chlorides C(x,t) [mm]

a: concrete cover [mm]



248 Seismic Vulnerability of Reinforced Concrete Buildings in Sliding Slopes

Ax: depth of the convection zone (concrete layer, up to which the process of chloride

penetration differs from Fick’s 2nd law of diffusion) [mm]
Dapp,c: @apparent coefficient of chloride diffusion through concrete [mm?/years]
t: time [years]

erf: Gaussian error function

The apparent coefficient of chloride diffusion of concrete D,pp,c Can be determined by
means of Equation (8.11):
D

= K, - Doy o - K, - A(E) (8.11)

app,C RCM,0

where

ke: environmental transfer variable [-]

Drem,o: chloride migration coefficient [mm?/a], normally distributed variable
ki: transfer parameter [-], constant parameter, value: 1

A(t): subfunction considering the ‘ageing’ [-]

The model is based on Fick’s 2nd law of diffusion, taking into account that most
observations indicate that transport of chlorides in concrete is diffusion controlled.
However, in order to still describe the penetration of chlorides for an intermittent load
using Fick’s 2nd law of diffusion, the data of the convection zone Ax (e.g. zone exposed
to frequent change of wetting and subsequent evaporation), is neglected and Fick’s 2nd
law of diffusion is applied starting at a depth Ax with a substitute surface concentration
Cs.ax- With this simplification, Fick’s 2nd law of diffusion yields a good approximation of
the chloride distribution at a depth x >Ax.

The environmental transfer variable k. has been introduced in order to take the influence
of Trear On the diffusion coefficient D,ppc into account. It is described by the following

equation:

k, = exp

b, [L_LH (8.12)

ref real

where
be: regression variable [K], normally distributed variable
T: standard test temperature [K], constant parameter, value: 293

Treai: temperature of the structural element or the ambient air [K], normally distributed

variable, to be evaluated from nearby weather station data
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The Chloride Migration Coefficient Dgpcm,o is one of the governing parameters for the
description of the material properties in the chloride induced corrosion model. Suitable
data for Drcm,0 may be obtained from literature for different concrete mixtures to be used
as starting variables in service life design or vulnerability assessment calculations [Table
B2-1, FIB- CEB Task Group 5.6 (2006)].

The apparent diffusion coefficient D,pp,c is subject to considerable scatter and tends to
reduce with increasing exposure time. In order to take this into account when modeling
the initiation process, a transfer parameter k; in combination with a so-called ageing

exponent n has been introduced.

At) - (t?j (8.13)

n: ageing exponent [-], beta distributed variable, Table B2-2, FIB- CEB Task Group 5.6
(2006)

to: reference point of time [years], constant parameter, value: 0.0767

The chloride content in the concrete is not only caused by chloride ingress from the
surface, but can also be due to chloride contaminated aggregates, cements or water used
for the concrete production (initial chloride content Cy). In certain circumstances the

chloride content of fine and coarse aggregates and water can be considerable.

The chloride content Cs at the concrete surface as well as the substitute surface content
Csax at a depth Ax are variables that depend on material properties (e.g. type of binder
and the concrete composition) and on geometrical (e.g. geometry of the structural
element and the distance to the chloride source) and environmental (e.g. equivalent
chloride concentration of the ambient solution) conditions. The information needed to

determine Cs and Cs x« is briefly summarized in the flowchart given in Figure 8.7.

Under a continuous chloride impact of constant concentration, the chloride saturation
concentration Cs on the concrete surface is reached often in relative short time periods
compared to the service life of the structure (Cso, = Cs). Based on these results, the
conservative simplification that the variable Cs is from the beginning constant with time
can be concluded for certain exposure conditions (e. g. for concrete continuously exposed

to sea water).
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Figure 8.7. Information needed to determine the variables Cs and Cs,ax (FIB- CEB Task Group 5.6,
2006)

In order to quantify the substitute chloride surface concentration Cs,. , the transfer
function Ax needs to be determined. For the different types of exposure conditions
(splash, submerged, spray, tidal and atmospheric) Ax can be quantified based on the
information provided in section B2.2.5.5 of FIB- CEB Task Group 5.6 (2006). Depending
on the exposure condition Csax may be defined as the maximum chloride content Cpax.
In cases when no Ax develops (e.g. spray zone), Cnax represents the chloride content at

the concrete surface Cs.

The critical chloride content C.i: is the critical chloride concentration that causes
dissolution of the protective passive film around the reinforcement and initiates
corrosion. A beta-distribution with a lower boundary of 0.20 wt.-%/cement, mean value
of 0.60 wt.-%/cement and upper boundary of 2 wt.-%/cement was found to yield a

sufficiently good description of the test results.

Based on Equation (8.10) and assuming that the chloride ion concentration near the

concrete surface is constant, the time till corrosion initiation can be determined as:
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1
=\&)
T = a? _ (erf‘l (1 - QJJ ] (8.14)
4- ke ’ kt'DRCM,o : (to) CS

Tinit: the corrosion initiation time (years) and

where

Cs: the equilibrium chloride concentration at the concrete surface

The statistical quantification of the model parameters describing the corrosion initiation
of the reinforced concrete elements is provided in Table 8.2 based on the FIB- CEB Task
Group 5.6 (2006) proposed model. For illustrational purposes, values for Portland
Cement Concrete (PCC) and three different water/cement ratios (namely w/c=0.4,0.5
and 0.6) are given. The values of surface chloride concentration Cs and of the
temperature of the structural element or the ambient air T.., presented in the table are
applicable to structures exposed to atmospheric chloride condition (Choe et al. 2009).
Three different corrosion levels (low, medium, high) are considered in the table based on

available literature (Stewart, 2004).
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Table 8.2. Statistical characteristics of parameters affecting the chloride induced corrosion deterioration of RC elements

water to cement ratio w/c

0.4 0.5 0.6 Distribution Reference
Parameter
Mean cov Mean cov Mean cov
Cover Depth (mm) x 25 0.32 25 0.32 25 0.32 Lognormal
Regression variable b, [K] 4800 0.15 4800 0.15 4800 0.15 Normal
Temperature of the structural
element or the ambient air (Treal) 286 0.20 286 0.20 286 0.20 Normal
[K]

i i i ici FIB- CEB Task Group 5.6 (2006

Chloride m|grat|on2Coeff|C|ent 8.9.10-12 02 |liss1o0t o2 5 5.10°11 0.2 Normal ask Group ( )
(Drem,0) (M?/s)
cov=0.4, cov=0.4, cov=0.4,
Aging exponent n 0.3 a=0.0, 0.3 a=0.0, 0.3 a=0.0, Beta
b=1.0 b=1.0 b=1.0
s . . cov=0.25, cov=0.25, cov=0.25,

Critical Chlorldoe Concentration 0.6 a=0.2, 0.6 a=0.2, 0.6 a=0.2, Beta

(Cqr) Wt % cement b=2.0 b=2.0 -2.0
Surface Chloride Concentration | ,¢ 02 | 1.2825 | 0.2 1.539 0.2 Normal Choe et al. (2009)

(Cs) wt % cement

Low corrosion 0.1 0.1 0.1
Level
Rate of Corrosion|  Medium 1 0.25 1 0.25 1 0.25 Normal Stewart (2004)
(icorr) MA/cm corrosion Level
High corrosion 10 10 10
Level
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8.3 Application to reference RC buildings
8.3.1 Numerical modeling of the buildings

The proposed approach is described through its application to typical structures. The
studied buildings (Fig. 8.8) are single bay- single story RC bare frame structures with
varying strength and stiffness characteristics of the foundation system (isolated footings,
continuous foundation). They have been designed according to the provisions of the
Greek Seismic Code (EAK 2000), for a design acceleration Ay = 0.36 g, and a behavior
factor q = 3.5. The adopted dead and live loads (g = 1.3 kN/m? and q = 2 kN/m?) are
typical values for residential buildings. The beneficial contribution of masonry infill walls
to the building capacity is not considered in this study. The reference buildings are
assumed to be standing near the crest of a potentially precarious sand soil slope (see
Chapter 4 for details). Hence, for a certain earthquake scenario, the buildings may be
subjected to a considerable amount of permanent differential displacement at the
foundation level due to the effect of the earthquake triggered landslide hazard. The same
methodology may be applied for other hazards (i.e. hydrogeological- intense
precipitation). The analytical methodology for the vulnerability assessment of the as-built
RC buildings subjected to earthquake induced slow moving soil slides as well as the
proposition of adequate fragility functions for a variety of RC building typologies, slope
configurations and soil conditions have been thoroughly described and discussed in

Chapters 4 and 6 respectively.

30x50 [cm] 30x50 [cm]
6d14 + 2010 6014 +2010
40x40 [cm] 40x40 [cm]
8d16 816
3.00 m 3.00 m
6.00 nr 6.00 nr

Figure 8.8. Reference analyzed RC frame buildings

The description of the numerical modeling of the typical RC buildings is also briefly
outlined herein. It is noted that these models need to be updated with deteriorated
component models to take into account the effect of aging. The analysis of the reference
RC buildings are conducted using the finite element code SeismoStruct (Seismostruct,

Seismosoft 2011). Non linear static time-history analyses are performed for all
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numerical simulations. In this analysis type, the applied loads (displacements) at the
foundation level vary in the pseudo-time domain, according to a load pattern prescribed
as the differential permanent ground displacement (versus time) curves directly

extracted from the seismic 2D dynamic analysis.

The material properties assumed for the members of the RC buildings are a uni-axial
nonlinear constant confinement model for the concrete (f.=20MPa, f;=2.1MPa, strain at
peak stress 0.002mm/mm, confinement factor 1.2) and a uni-axial bilinear stress-strain
model with kinematic strain hardening for the reinforcement (f,=400MPa, E=200GPa,
strain hardening parameter p =0.005). All columns and beams have rectangular cross
sections (beam: 0.30x 0.50 m, column: 0.40x 0.40m). The initial longitudinal section

reinforcement degree used is 1% for the columns and 0.75% for the beams.
8.3.2 Quantification of aging probabilistic parameters

The present study considers the aging of the typical RC buildings by including
probabilistic models of carbonation and chloride induced corrosion deterioration of the RC
elements within the proposed vulnerability modeling framework. The application of the
fully probabilistic approach to the referred RC structures through a crude Monte Carlo
simulation using the coefficient of variations proposed in FIB- CEB Task Group 5.6 (2006)
was found to require large computational burden for practical problems and to yield to
numerical errors and instability for usual sample sizes (e.g. 100000-500000). Hence, in
an effort to equilibrate the computing efficiency and accuracy, for the probabilistic
modeling of rebar corrosion of a specified RC building, it was decided to adopt the mean
values of the parameters given in Tables 8.1 and 8.2 and to consider lower variability for
the random variables. Tables 8.3 and 8.4 present the statistical characteristics of the
parameters finally adopted for an adverse carbonation and chloride induced corrosion
scenario (w/c=0.6, High corrosion Level) respectively. It should be noted that for the
chloride corrosion scenario, an atmospheric exposure environment is assumed (e.g.
ke=0.67, Choe et al., 2009; 2010).
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Table 8.3. Statistical characteristics of parameters affecting the carbonation induced corrosion
deterioration of RC elements adopted in the present study

Parameter Mean cov Distribution
Cover Depth (mm) a 25.00 0.20 Lognormal
cov=0.05,
Rhreal,k (% rel. humidity) 70.00 a=40.0, Beta
b=100

Exponent of regression bc -0.567 0.035 Normal
T o) Gl ey 2o D 230107 0.10 Normal
Influence of test method k; 1.25 0.10 Normal
Error term e, (mm?/years) 315.5 0.05 Normal
Cs,atm (kg/m?) 0.000820 0.10 Normal
Exponent of regression b, 0.446 0.10 Normal
Rate of Corrosion (rerr) MA/cm? 2 0.20 Normal

Table 8.4. Statistical characteristics of parameters affecting the chloride induced corrosion
deterioration of RC elements adopted in the present study

Parameter Mean cov Distribution
Cover Depth (mm) x 25 0.2 Lognormal
Environmental tranfer variable ke 0.67 0.1 Normal
Chloride migrationZCoefﬁcient (Drem,0) 2.5.10°11 0.1 Normal
(m?/s)
. cov=0.05,
Aging exponent n 0.3 a=0.0, b=1.0 Beta
Critical Chloride Concentration (C.) wt % cov=0.05, a=
0.6 Beta
cement 0.2, b=2.0
i i o)
Surface Chloride Concentration (Cs) wt % 1.539 0.1 Normal
cement
Rate of Corrosion (icorr) MA/cm? 10 0.20 Normal

8.3.2.1. Corrosion initiation time

The corrosion initiation time depends on a number of parameters that can vary
considerably for different structures depending on the deterioration mechanism, the
structure location and environmental exposure condition. The distribution for the
corrosion initiation time is assessed through Monte Carlo simulation having a sample size
of 100000, using the equations 8.2 and 8.14 presented below for carbonation and
chloride induced corrosion respectively. A lognormal distribution with mean 36.40 years
and standard deviation of 20.85 years is found to be a good fit to the simulated data for
the carbonation induced corrosion initiation time (Fig. 8.9). Similarly, a lognormal fit with
mean 2.96 years and standard deviation of 2.16 years is adopted for the chloride induced

corrosion initiation time (Fig. 8.10). These distributions will subsequently be used as key
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inputs for probabilistic modeling of rebar corrosion due to presence of carbonation and

chloride concentration.
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Figure 8.9. Distribution of carbonation induced corrosion initiation time T;,; (mean = 36.40years,
Standard Deviation = 20.85 years)
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Figure 8.10. Distribution of chloride corrosion initiation time T;,; (mean = 2.96 years, Standard
Deviation = 2.16 years)
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8.3.2.2. Time dependent loss of reinforcement

Once the protective passive film around the reinforcement dissolves due to continued
chloride ingress or carbonation, corrosion initiates and the time dependent loss of

reinforcement cross-sectional area can be expressed as (e.g. Ghosh and Padgett, 2010):

nDIZ_ if tSTinit
4 (8.15)

A= max [n . (D(t))2 . ,0} if t>T

init

ENR

where, n is the number of reinforcement bars, D; is the initial diameter of steel
reinforcement, t is the elapsed time in years and D(t) is the reinforcement diameter at

the end of (t-Ti) years , which can be represented as:

g
D(t) = ,

maX[Di ~leorr

if t<T,, (8.16)
k(6 =T, 0] if t>T,,
If generalized corrosion is considered, the loss of metal due to corrosion is approximately
uniform over the whole surface. In this case, Faraday’s law indicates that a corrosion
current density corresponds to a uniform corrosion penetration of k = 11, 6ym/year. The
rate of corrosion i, in this study is considered to be constant on average along the
service life of the structure. Generally, the rate of corrosion due to carbonated concrete

cover is slower compared to chloride-induced corrosion.

The loss of area of steel due to corrosion of the RC elements is modeled as a reduction in
longitudinal reinforcing bar cross sectional area as compared to the elements in the initial
nondegraded state. It is assumed that the corrosion will not affect the mechanical and
material properties of the steel reinforcing bars. Figures 8.11 (a) and (b) show the
probabilistic assessment of the time-dependent area reduction ratio, which is the area of
reinforcing steel at time t, A(t), normalized by the initial area of reinforcement, A(ty) (for
Di- 14 mm, n=6). As expected, the variability in the loss of area of reinforcing steel tends
to increase with time due to the combined effect of the variability of the initial

reinforcement diameter, rate of corrosion and corrosion initiation time.
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Figure 8.11. Distribution of normalized time variant area of the reinforcement (a) for carbonation

and (b) chloride induced deterioration
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8.3.3 Time-dependent fragility functions

In order to identify the building performance at different points in time and to construct
the corresponding time-dependent fragility curves, a time-variant local damage index
(DI) is introduced, describing the steel and concrete material strains. In all cases
analyzed the steel strain (&) yields more critical results. Thus, it was decided to adopt
only this parameter as a damage index. In this way, it is possible to establish a
relationship between the damage index (&) and the intensity parameter expressed
in terms of the peak ground acceleration (PGA) values at the seismic bedrock or
permanent ground displacement (PGD) values at the slope area, for different building

typologies and consequently to assign a median value of PGA/PGD to each limit state.

The next step is the definition of the limit states. For RC corroded buildings characterized
by a low level of confinement, the limit steel strains needed to exceed post yield limit
states should have lower values compared to adequately and properly confined
structures (Crowley et al., 2004; Bird et al., 2005). As a consequence, lower limit state
values were assumed to derive exceedance of moderate, extensive and complete
damage for the corroded poorly confined buildings. The time-dependent limit state values
finally adopted for the different limit states for the carbonation and chloride induced
deterioration scenario are presented in Tables 8.5 and 8.6 respectively. Note that for
carbonation induced corrosion the reduction in longitudinal reinforcing bar cross sectional
area is less than 20% in time t=90 years (see Fig. 8.11a). Thus, a minor reduction on
the limit strain values for the corroded structures is assigned as shown in Table 8.5. On
the contrary, larger reduction in the longitudinal reinforcing bar cross sectional area is
expected for the chloride induced corrosion (see Fig. 8.11b) resulting in significantly

reduced values over time for the corresponding limit states.

Table 8.5. Definition of limit states for the buildings at different points in time for the carbonation
induced deterioration scenario

Limit strains

Time (years) Limit State 1 Limit State 2 Limit State 3 Limit State 4
0 0.0125 0.040 0.060
40 Steel bar yielding 0.0125 0.039 0.059
60 0.0117 0.037 0.057

90 0.0115 0.035 0.055
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Table 8.6. Definition of limit states for the buildings at different points in time for the chloride
induced deterioration scenario

Limit strains

Time (years) Limit State 1 Limit State 2 Limit State 3 Limit State 4
0 0.0125 0.040 0.060
20 0.0115 0.035 0.055
40 Steel bar yielding 0.010 0.025 0.045
60 0.008 0.020 0.035
90 0.008 0.015 0.030

The overall fragility function of the buildings can be mathematically expressed as (e.g.
Ghosh and Padgett, 2010):

In(IM) - In(m(t)
P[LS / IM]= CD[ ﬂ(t)( )] (8.17)

where, IM is the intensity measure of the earthquake induced landslide expressed in
terms of PGA at the “seismic bedrock” or PGD at the slope area, m(t) and B(t) are the
median values (in units of g or m for PGA and PGD respectively) and logarithmic
standard deviations of the structure’s fragility at different points in time along the service
life and LS is the limit state.

The median values of PGA (t) and PGD (t) that correspond to each limit state can be
defined for the threshold values of the aforementioned damage indexes as the values
that correspond to the 50% probability of exceeding each limit state. The time-
dependent median of the buildings fragilities at each limit state can be adequately
represented by a quadratic fit for both deterioration scenarios (see subsections §8.3.1.1
and 88.3.1.1 for the carbonation and chloride induced scenarios respectively). Similar
models have also been adopted to demonstrate the increase in bridge fragility over time
due to corrosion (e.g. Ghosh and Padgett, 2010). Such time-dependent models offer the
advantage of estimating directly the fragility parameters at any point in time for the
given building and corrosion parameters, once the initial non-degraded fragility of the
building is known. The standard deviation values B(t) describe the total variability

associated with each fragility curve for different points in time.

The Maximum Likelihood Method, as described in Chapter 4 (§4.4.2.2), is used herein to
estimate the fragility parameters. The median and standard deviation values adopted are
presented in Tables 8.7 and 8.9 for the carbonation induced corrosion for buildings with
flexible and stiff foundations respectively and in Tables 8.11 and 8.13 for the chloride
induced corrosion of the reinforcement for buildings with flexible and stiff foundations
respectively. Tables 8.8 and 8.10 provide the percent (%) changes in fragility in terms of

median PGA/PGD and dispersion Bpca/ Brep With aging for the carbonation induced
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corroded buildings with flexible and stiff foundation system respectively while Tables 8.12
and 8.14 present the corresponding changes for the chloride induced corroded buildings.
Fragility curves in terms of PGA (outcrop conditions) and PGD for different limit states
are analytically evaluated at different points in time along the service life of the studied
buildings with flexible and stiff foundation system to assess the time-dependent effect of
corrosion on their vulnerability for the given carbonation (§8.3.1.1) or chloride induced
(88.3.1.2) deterioration scenario. A 3D illustration of the fragility estimates over time
(fragility surface) is also shown in order to obtain a better view of the evolution of

vulnerability with time.

It is observed that the fragility of the structure generally increases over time due to
corrosion. This increase is much more pronounced for the chloride induced corrosion
scenario and for higher levels of damage. Greater increase in vulnerability is expected for
the chloride induced corroded building with flexible foundation system, resulting to a
maximum reduction of 56% and 78% in the median PGA and PGD predicted values
respectively for the complete limit state after 90 years exposure to chlorides (see Tab.
8.11 and Figs. 8.25 and 8.26). There is also a change in the dispersion over time,
generally indicating increased uncertainty in estimating the median PGA and PGD values.
This trend is more evident for buildings with stiff foundation system subjected to chloride

induced reinforcement corrosion (see Tab. 8.13).

8.3.3.1. Fradgility functions for carbonation induced corrosion of reinforcement

Building with flexible foundation system

Table 8.7. Parameters of fragility functions over time as a function of PGA and PGD for buildings
with flexible foundation system considering carbonation induced reinforcement corrosion

PGA (9) PGD (m)
Time Median PGA (g) Dispersion Median PGD (m) Dispersion
(years) s, Ls, LS LS, Brca LS; LS, LS; LS, Breo
0 0.22 0.39 0.58 0.81 0.37  0.14 0.37 0.80 1.54 0.42
40 0.22 0.39 0.58 0.81 0.40  0.15 0.37 0.75 1.49 0.47
60 0.22 0.38 0.55 0.78 0.40 0.14 0.36 0.74 1.44 0.48

90 0.21 0.37 0.52 0.75 0.41 0.14 0.35 0.67 1.28 0.46
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Table 8.8. Percent (%) changes in median PGA/PGD and dispersion B values with aging for
buildings with flexible foundation system considering carbonation induced reinforcement corrosion

Change (%) with aging

Median PGA (g)

Time Dispersion Median PGD (m)  pijspersion
(years) LS, LS, LS; LS, Braa LS; LS, LS; LS, Brep
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
40 0.31 1.14 1.36 -0.32 -8.31 -1.88 -0.37 6.03 2.84 -11.68
60 -0.12 3.93 6.26 3.34 -9.95 -0.13 1.54 7.95 6.26 -14.59
90 3.01 5.85 11.29 7.15 -10.53 4.04 5.79 16.98 16.43 -9.22
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Figure 8.12. Fragility curves in terms of PGA for different points in time (0, 40, 60 and 90 years),
for slight (LS;), moderate (LS,), extensive (LS3) and complete (LS,) limit states considering
carbonation induced corroded buildings on flexible foundations.
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Building with stiff foundation system

Table 8.9. Parameters of fragility functions over time as a function of PGA and PGD for buildings
with stiff foundation system considering carbonation induced reinforcement corrosion

PGA (g) PGD (m)
Time Median PGA (g) Dispersion _ Median PGD (m)  pijspersion
(vears) s, Ls, LS; LS, Brca LS; LS, LS; Brcp
0 0.29 0.61 1.01 1.37 0.37 0.24 0.96 2.35 0.42
40 0.29 0.63 1.01 1.36 0.41 0.23 0.92 2.35 0.46
60 0.29 0.61 1.00 1.36 0.42 0.23 0.91 2.20 0.48
90 0.29 0.59 0.99 1.36 0.41 0.23 0.91 2.20 0.48

Table 8.10. Percent (%) changes in median PGA/PGD and dispersion  values with aging for
buildings with stiff foundation system considering carbonation induced reinforcement corrosion

Change (%) with aging

Time Median PGA (g) Dispersion Median PGD (m) Dispersion
(years) s, LS, LS; LS, Brca LS; LS, LS; Brep
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
40 -0.08 -3.40 -0.20 0.87 -11.16 2.31 4.46 0.26 -11.17
60 1.04 0.67 1.17 0.78 -13.49 4.43 5.05 6.71 -13.89

90 1.58 2.89 2.08 0.98 -11.96 4.43 5.05 6.71 -13.89
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8.3.3.2. Fragqility functions for chloride induced corrosion of reinforcement

Building with flexible foundation system

Table 8.11. Parameters of fragility functions over time as a function of PGA and PGD for buildings
with flexible foundation system considering chloride induced reinforcement corrosion

PGA (9g) PGD (m)
Time Median PGA (g) Dispersion Median PGD (m)  pispersion
(vears) s, s, LS LS, Brca LS; LS, LS; LS, Brep
0 0.22 0.39 0.58 0.81 0.37 0.14 0.37 0.80 1.54 0.42
20 0.20 0.38 0.54 0.73 0.39 0.12 0.37 0.70 1.31 0.47
40 0.18 0.36 0.48 0.71 0.40 0.11 0.33 0.58 1.18 0.45
60 0.17 0.31 0.40 0.55 0.41 0.07 0.25 0.41 0.81 0.50
90 0.12 0.19 0.25 0.36 0.38 0.07 0.13 0.24 0.34 0.48

Table 8.12. Percent (%) changes in median PGA/PGD and dispersion 3 values with aging for
buildings with flexible foundation system considering chloride induced reinforcement corrosion

Change (%) with aging

Time Median PGA (g) Dispersion Median PGD (m) pispersion
(years) LS, LS, LS; LS, Brca LS, LS, LS; LS, Beap
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20 8.02 2.62 8.21 9.75 -7.23 12.96 0.72 12.10 14.48 -11.64
40 17.49 8.39 18.08 12.43 -9.91 24.87 10.77 27.73 23.05 -8.25
60 23.89 21.58 31.13 31.33 -10.24 49.04 32.22 48.94 47.54 -19.44
90 43.53 52.14 56.47 55.75 -2.06 53.25 64.79 69.95 77.62 -15.90
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Figure 8.26. Time-dependent quadratic fit of median values of PGA for the slight, moderate,
extensive and complete limit states considering chloride induced corroded buildings on flexible
foundations
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extensive and complete limit states considering chloride induced corroded buildings on flexible
foundations
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Building with stiff foundation system

foundations

Table 8.13. Parameters of fragility functions over time as a function of PGA and PGD for buildings
with stiff foundation system considering chloride induced reinforcement corrosion

PGA (g) PGD (m)
Time Median PGA (g) Dispersion _ Median PGD (m)  pijspersion
(vyears) s, Ls, Ls; LS, Brea LS; LS, LS; Brep
0 0.29 0.61 1.01 1.37 0.39 0.24 0.96 2.35 0.46
20 0.27 0.59 0.98 1.32 0.42 0.23 0.87 2.13 0.46
40 0.27 0.53 0.87 1.21 0.42 0.22 0.75 1.72 0.47
60 0.25 0.47 0.77 1.06 0.42 0.17 0.56 1.39 0.53
90 0.20 0.40 0.71 1.02 0.44 0.11 0.40 1.15 0.71
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Table 8.14. Percent (%) changes in median PGA/PGD and dispersion B values with aging for
buildings with stiff foundation system considering chloride induced reinforcement corrosion

Change (%) with aging

Media

Time n PGA (g) Dispersion Median PGD (m) Dispersion
(years) LS, LS, LS; LS, Braa LS, LS, LS; Brep
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20 5.05 2.52 2.83 4.01 -6.88 6.09 9.65 9.28 -1.19
40 8.43 13.35 13.21 11.97 -6.55 8.09 22.24 27.04 -3.48
60 12.90 22.75 24.00 22.58 -5.57 30.25 42.28 40.97 -16.61
90 31.74 34.48 29.65 25.72 -12.38 55.33 58.47 51.23 -54.61
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Figure 8.30. Fragility curves in terms of PGA for different points in time (0, 20, 40, 60 and 90
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chloride induced corroded buildings on stiff foundations.
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8.4 Conclusions

An extension of the proposed vulnerability assessment framework to account for the
time-dependent fragility analysis of corroded RC buildings impacted by co-seismic
permanent landslide displacements has been presented. Two potential adverse corrosion
scenarios are examined: chloride and carbonation induced corrosion of the steel
reinforcement. The methodology is applied to reference low-rise RC frame buildings with
varying strength and stiffness of the foundation system that are subjected to the
combined effects of reinforcement corrosion and earthquake triggered Ilandslide
displacements. Fragility curves in terms of PGA (outcrop conditions) and PGD for different
limit states are analytically evaluated at different points in time (0, 20, 40, 60, 90 years)
to assess the time-dependent effect of corrosion on their vulnerability for the given
carbonation or chloride induced deterioration scenario. It is observed that the fragility of
the structures generally increases over time due to corrosion. This increase is more

pronounced for the chloride induced corroded RC buildings founded on isolated footings.

Future work should aim at the validation of the proposed time-dependent model through
comparison of the computed damages to experimental results and/or empirical data.
Significant effort should also be devoted in the more refined definition of the time-
dependent performance indicators and the corresponding limit states. Moreover, further
research is needed to address time-dependent fragility of additional building types and
geometries, different triggering mechanisms of the potential landslide mass (e.g. intense
precipitation) and different hazard (e.g. earthquakes) as well as deterioration

mechanisms.



CHAPTER 9

Conclusions-Limitations- Future work

9.1 Summary of findings and contributions

An efficient quantitative risk assessment (QRA) tool that allows for establishing risk
management strategies and emergency planning in a cost-effective manner, requires the
quantification of both hazard and vulnerability of the elements at risk. However, most of
the existing risk assessment studies do not focus on assessing physical vulnerability to
landslides comprehensively. Instead, they often provide empirical or expect judgment-
based vulnerability values depending on the landslide type and the element at risk (e.g.
Dai et al. 2002). This is principally due to its complex, dynamic and multidimensional
nature and to the lack of reliable damage data from previous landslide events, which
makes its quantitative evaluation within a risk assessment study an intrinsically difficult
task. A better understanding on the type and extent of damage to various elements at
risk (buildings, roads, population) produced by different landslide mechanisms (slow
moving slides, debris flows, rock falls etc) is therefore essential to reduce the great deal
of uncertainty associated with the landslide vulnerability modeling. The probabilistic
treatment of these uncertainties through the use of the co-called fragility (or
vulnerability) curves is also a further step towards the efficient integration of the physical

vulnerability component into a QRA study.

Stemming from the general lack of methodologies to assess building vulnerability to
slides (see Chapter 3), one of the most significant contributions of the present research
was the proposition and quantification of an analytical methodology to estimate physical
vulnerability of RC frame buildings subjected to earthquake triggered slow-moving slides
(Chapter 4). Vulnerability was defined through probabilistic fragility curves which allow

for direct implementation within a probabilistic risk assessment framework.

According to the suggested method, the damage caused by a slow-moving slide on a
single building was attributed to the cumulative permanent (absolute or differential)

displacement concentrated within the unstable or moving area. A low-rise RC frame



282 Seismic Vulnerability of Reinforced Concrete Buildings in Sliding Slopes

building located next to the crown of a potential unstable slope was considered subjected
to forced differential displacement due to the earthquake triggered landslide and
subsequently to structural distress and damage. The numerical analysis involved two

consecutive steps and described through an idealized, yet realistic, example.

In the first step, the total and differential permanent displacements were estimated
considering the actual stiffness and weight of the building and its foundation, using a
non-linear finite difference dynamic finite slope model. A suite of seven gradually
increasing acceleration time histories recorded on rock outcrop were applied at the base
of the model to cover a wide range of seismic motions in terms of amplitude, frequency
content and significant duration in order to provide the necessary response quantity
statistics. The analyses were performed for single bay-single storey RC frame buildings
on stiff and flexible foundations considering both sand and clayey surface slope layers.
Additional analyses were also conducted for the free field case i.e. in the absence of any
structure in the vicinity of the crest. It was shown that the presence of a structure next
to the slope’s crest may contribute in altering the free field response of the slope and the
corresponding deformation demand for the building. The level of this differentiation
varies with respect to the foundation type (flexible, stiff), the surface soil conditions

(sand, clay) and the characteristics of the seismic motion.

The computed permanent displacements for the free field case at the slope area were
validated through comparison with simplified Newmark-type displacement methods in
Chapter 5. Three different displacement-based procedures were used to predict the
permanent slope deformation: the conventional analytical Newmark rigid block model
(Newmark 1965), the decoupled Rathje and Antonakos (2011) model and the coupled
Bray and Travasarou (2007) sliding block model. Comparisons between the Newmark-
type models were also conducted to demonstrate their relative degree of conservatism
for different earthquake scenarios and compliance of the sliding surface. It was shown
that Bray and Travasarou (2007) coupled model generally predicted larger displacements
compared to conventional analytical Newmark rigid block and Rathje and Antonakos
decoupled model. The difference in the displacement prediction was more pronounced for

the considered flexible sliding masses.

It is concluded that permanent horizontal displacements along the unstable slope area
derived by the proposed numerical approach were not inconsistent with the predicted
Newmark-type displacements enhancing the reliability and robustness of the dynamic
analysis results. More specifically, all three displacement-based models predicted
displacements that were generally compatible with the numerical results for the sand stiff
slope case. On the contrary, for the clay more flexible slope the correlation was not so

good. In particular, Bray and Travasarou (2007) model predicted larger displacements
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with respect to the dynamic analysis whereas Newmark rigid block and Rathje and
Antonakos (2011) models underestimated the corresponding displacements. Among the
three methods, Bray and Travasarou model was found to present the minimum average
predictive error (%) in relation to the dynamic analysis whilst Newmark analytical
approach showed the minimum dispersion of that error for both sand nearly rigid and
clay relatively flexible slope cases. Overall, the differences in the displacement prediction
between the models were larger for the more ductile clay slope. Thus, the compliance of
the failure surface in relation to the frequency content of the input earthquake scenarios

probably allowed for some bias to be introduced on the results.

In the second step, non-linear static time history analyses of the selected buildings were
performed to assess the building’s response to the permanent ground deformation
induced by the landslide. The analyses were conducted for progressively increasing levels
of differential displacements provided by the computed dynamic stress strain analysis for
increasing amplitudes of input acceleration time histories. The derived differential
displacements at the foundation level were imposed quasi-statically at one of the RC
building supports (footings). The applied differential displacement vector was found to be
principally governed by the horizontal component that controlled the deformation mode
in buildings with flexible foundations whereas the corresponding displacements were
practically vertical in buildings with stiff foundation system. Structural response data in
terms of maximum material strain were then statistically correlated to the landslide

intensity parameters to estimate structure’s performance and fragility.

Damage limit states were defined with respect to the building classification and its
structural characteristics in terms of threshold values of building’s material strain based
on the work of Crowley et al. (2004), Bird et al. (2005; 2006), Negulescu and Foerster
(2010) and proper engineering judgment. Vulnerability was finally assessed through
probabilistic fragility (or vulnerability) curves, which describe the probability of exceeding
a certain limit state of the building exposed to the landslide hazard given the measure of
the landslide intensity. The landslide intensity was expressed both in terms of peak
horizontal ground acceleration (PGA) at the seismic bedrock (i.e the initial triggering
force of the slow-moving slide) and permanent ground displacement (PGD) at the slope
area (i.e. a product of PGA). The latter one was generally better correlated to structural
deformation and damage and allowed for direct comparisons to non-earthquake related

landslide damages to buildings.

Two different procedures were presented and applied to estimate the log-normally
distributed fragility parameters (median and log-standard deviation) given the simulated
damage data. The first one, was based on a regression analysis method (e.g. Nielson and

DesRoches, 2007; Argyroudis and Pitilakis, 2012) whereas the second was based on a
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purely statistical approach, i.e. the maximum likelihood method (e.g. Shinozuka et al.,
2000; 2003). Various sources of uncertainty associated with the building capacity, the
deformation demand and the definition of limit states were explicitly taken into account
in the fragility analysis. The differences on the fragility curves when applying the two
different approaches were due to the different assumptions adopted in each method and
evidently displayed the influence of epistemic uncertainty on the fragility analysis. For
the simulated dataset the maximum likelihood method was found to be more efficient
(predicting lower log-standard deviation values) compared to the regression analysis

method when considering PGA as an intensity parameter.

The derived fragility functions revealed that the foundation compliance and the slope soil
type may greatly influence the structural response and damage. In particular, among the
structures analyzed, the ones with flexible foundations located on sand slopes were the
most vulnerable whereas the corresponding ones with stiff foundations located on clay

slopes appeared to be the least susceptible to damage.

An abacus of fragility curves both in terms of PGA and PGD were developed in Chapter 6
based on the suggested methodological framework via an extensive parametric
investigation and sensitivity analysis of various slope geometries, soil properties and
distances of the building with respect to the slope’s crown. It is concluded that slope
inclination in conjunction with the slope soil material were among the most influential
features on the physical vulnerability of the building exposed to the seismically induced
landslide. The slope height was also proved to greatly influence the building’s fragility for
the steep sand slope configurations. The above observations resulted to the proposition
of seven sets of generalized fragility curves, considering the most unfavorable position of
the building with respect to the slope’s crest that was found to be different for sand and

clay slopes.

To get further insight into the building's vulnerability to the permanent differential
displacement due to landslide hazard several additional parameters were also studied.
These included the water table level, the consideration of a strain softening landslide
material, the flexibility of the foundation system, the number of bays and storeys of the
building and the code design level. It was shown that the influence of each parameter
may vary with respect to the slope soil material (e.g. for the water table) and the
foundation compliance (e.g. for the building geometry). Overall, it was observed that

their impact might be, under certain circumstances, crucial to the structure’s fragility.
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To gain confidence on the proposed methodological framework, representative developed
fragility curves were compared with literature ones and recorded building damages from

real past events in Chapter 7.

The validity the proposed method was first assessed through the comparison of
representative suggested fragility curves with corresponding literature ones based on
empirical damage data (Zhang and Ng, 2005), engineering judgement (NIBS, 2004) and
on numerical simulations (Negulescu and Foerster, 2010). Taking into account the
different assumptions associated with the proposed and the literature curves, the
comparisons showed that the proposed curves were generally in good agreement with
the literature ones for the case of the typical studied building on flexible foundations. On
the contrary, it was found that the proposed curves underestimated the structure’s
fragility with respect to the literature ones for the corresponding building on stiff

foundations.

Typical proposed fragility curves for low-rise RC buildings subjected to co-seismic
permanent slope displacement were also correlated to fragility curves provided by
various investigators for low-rise RC buildings subjected to ground shaking lying on an
horizontally layered soil stratum. Overall, the comparisons allowed seeking an
understanding of the relative extent of damage and the associated dominating failure
mechanism for structures subjected to co-seismic slope deformation and ground shaking
respectively. They revealed, however, the high aleatory and epistemic uncertainty

associated with the different fragility curves found in the literature.

The proposed methodological framework and the corresponding fragility curves were also
validated through its application to two real case histories: Kato Achaia slope in
Peloponnese —-Greece and the Corniglio village-Italy case study. The direct comparison of
the recorded damage data on typical buildings with the corresponding damage predicted
by the developed fragility functions proved that the proposed fragility curves could
adequately capture the performance of the representative building affected by the slope
co-seismic landslide differential displacement. In addition, to enhance the effective
implementation of the proposed methodological framework within a probabilistic risk
assessment study, more realistic fragility curves were developed for a representative
building in Corniglio village based on numerical simulations. The reliability of the curves
was verified through their comparison with the observed building damage data for the

measured level of displacement.

Traditionally, the structural vulnerability implicitly refers to the intact, as-built structure
assuming an optimum plan of maintenance. However, structures deteriorate due to
various time-dependent mechanisms after they are put into service, without always

subjected to the necessary interventions during their lifetime. These issues are becoming
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even more crucial in presence of natural hazards striking the structure, such as landslides
and/or earthquakes. A major contribution of the present research was thus the expansion
of the proposed method to account for the changing patterns of building's vulnerability
over time exposed to earthquake -induced landslide hazard (Chapter 8). In particular,
the progressive aging of typical RC buildings due to exposure to aggressive corrosive
environment was investigated by including probabilistic models of corrosion deterioration
of the RC elements within the vulnerability modeling framework. Two potential corrosion
scenarios were examined: chloride and carbonation induced corrosion of the steel
reinforcement. The proposed methodology was applied to reference low-rise RC frame
buildings with varying strength and stiffness of the foundation system that are subjected
to the combined effects of reinforcement corrosion and earthquake triggered landslide
displacements. Time -dependent fragility curves in terms of PGA (outcrop conditions)
and PGD for different damage states were analytically evaluated at different points in
time (0, 20, 40, 60, 90 years) for the given carbonation or chloride induced deterioration
scenario. It was shown that the fragility of the structures may increase over time due to
corrosion. This increase was more evident for the chloride induced corroded RC buildings

founded on flexible foundations.

9.2 Limitations and recommendations for future work

The work in the present study distinguishes certain limitations and should be extended

through additional research in the following areas:

- The proposed vulnerability assessment method and the corresponding fragility
curves are appropriate for predicting the structural damage of the building
members implying a ductile failure of the structure. However, the total damage
(structural and non-structural) will be quite different (certainly larger) in case of
the building with the stiff foundation as a considerable amount of damage may be
attributed to the rotation of the whole building as a rigid body. In the latter, the
damage can only be defined using empirical criteria and proper engineering
judgment (Bird et al., 2005).

- The complex issue of combined damages due to ground shaking and ground
failure is not taken into account in the evaluation of building's vulnerability that is
assessed only for the co-seismic permanent slope differential displacement. Thus,
no strength or stiffness degradation to the building’s structural members due to
the effect of ground shaking is assumed to occur. Future work should be therefore

oriented towards the study of the vulnerability of a typical building standing next
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to the cliff exposed to the coupled effect of ground shaking and permanent ground

deformation due to landslide.

- It is also suggested to increase the applicability band of the proposed
methodological framework through the development of supplementary fragility
curves for other structural typologies (e.g. for high-rise RC buildings), slope
configurations and soil conditions. Various additional features such as the water

table level should also be addressed more in depth.

- In addition, future research should aim at the validation of the proposed time-
dependent vulnerability model via comparison of the damages predicted by the

curves to experimental results and/or empirical data.

- Significant effort should also be devoted in the more refined definition of the time-
dependent performance indicators and states. This is a very important and
challenging issue which has not received much attention until very recently
(REAKT, http://www.reaktproject.eu/)

- Finally, further research is needed to address time-dependent fragility of
additional building types and geometries, different triggering mechanisms of the
potential landslide mass (e.g. intense precipitation) as well as deterioration

mechanisms.
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ANNEX A

Slope Configurations

A.1 Slope geometries used for the parametric analysis

The main slope configurations used for the parametric analysis (Chapter 6) are
schematically illustrated in Figures A.1 to A.6. For each geometry four different models
are investigated by varying the relative location of the building to the crest and the soil

geological settings.
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Figure A.1. Slope geometrical configuration 1- Models 1 to 4
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ANNEX B

Fragility curves for “low-code” buildings

B.1 Proposed curves for “low-code” designed RC buildings

The suggested fragility curves for low-code designed, RC bare frame structures,
characterized of a low level of confinement are presented herein (Fig. B.1) based on the
analyzed features that proved to be the most influential in assessing the vulnerability of
the building to the permanent landslide displacement (see Chapter 6). It is noted that
lower limit state values were adopted for “low-code” frame RC building for the
exceedance of extensive and complete damages (see Chapter 4, Table 4.6 and Chapter
6, § 6.3.5). Tables B.1 and B.2 present the median and dispersions of the suggested
curves when using PGA and PGD as an intensity measure respectively. As expected, the
suggested curves for “low-code” buildings are associated to lower median values of PGA
and PGD for the exceedance of each limit state and to larger dispersion (represented by
the B values) around the median estimates compared to the “high-code” buildings (see
Chapter 6, § 6.2.2).



318

Seismic Vulnerability of Reinforced Concrete Buildings in Sliding Slopes

o
u
T

<
o
T

=
»
!

2,
i)
T

0.1

P( LS>LSi /PGA)
(=]
o

=
w
T

|+L81

Slope inclination p=30 derees- San siI

| Sonrte| S5 w51

0.5 1
PGA (g)

Slope inclination B=30 degrees - Clay soil

145 2

o
4
T

<
o
T

]
n
T

=)
i8]
T

0.1

P( LS>LSi /PGA)
(=)
o

=
w
T

J+LSl e[St S5 e | S
T T T

o
u
T

<
o
T

P( LS>LSi /PGA)
(=]
o

05 1
PGA (g)

Slope inclination B=15 degrees - Sand soil
- A3y "

15 z

0.4}
ol iR
Gl F ]
il / 1 ; : |
4’4 =5 | 5P | S5
C)0 OTS ‘ 1?5 2

1
PGA (g)

Slope inclination B=15 degrees - Clay soil

o
u
T

<
o
T

P( LS>LSi /PGA)
(=] [
E

o
W
T

&)
]
T

@ e

1
PGA (g)

145 2

P( LS>LSi/PGD)
(=] (=] (=] o (=] (=] (=] ) (=]
B N BB 4 m B

f=]

Slope inclination B=30 degrees - Sand soil

el

/
f o '|+Ls1 —a— |50 —e— |53 —+— | 54|

P( LS>LSi/PGD)
£ O (=] (=} (=] O (]
B EERERE

o
[

0.1

=)

2 3 4
PGD (m)

Slope inclination B=30 degrees - Clay soil

P( LS>LSi/PGD)
(=] o (=] (=] (=] ) (=]
"B ERLRRE

o
T

0.1

2 3
PGD (m)

Slope inclination B=15 degrees - Sand soil

|+L81 | S0 mte— | S e 5

P( LS>LSi/PGD)
(=) o (=] (=] (=] i (=]
B EELERE R

o
¥

0.1

1 = 4

2
PGD (m)

Slope inclination B=15 degrees - Clay soil

2 3 4
PGD (m)



ANNEX B: Fragility curves for “low-code” buildings

319

Slope inclination B=45 degrees - Sand soil -
Slope height H=20 m
E PR Trr

=
4
T

=
o
T

2
45
T

P( LS>LSi /PGA)
[
wom

2
w
T

0.2t
a1k & : 2
|+L81 | B2 | (SEr——| 5
G0 0.5 1 15 2
PGA (g)
Slope inclination B=45 degrees - Sand soil -
Slope height H=40 m
1 ——
0.9 g
0.8} 4

=)
\,l
T

&
@
T

P( LS>LSi/PGA)
[+57 (=)
i O

2
w
T

e
]
T

0.1r

|+LSl e [ S e G e iS5

0 0.5 1.5 2

1
PGA (g)

Slope inclination B=45 degrees - Clay soil
0.9 - . :

P( LS>LSi /PGA)
[ (=) (=) [}
w s w0 @

o
i)
T

O 1f

1
PGA (g)

Slope inclination B=45 degrees - Sand soil -
Slope height H=20 m

2 & L 8
e
L =y Y
e T
3 : -
i

P( LS>LSi/PGD)
(=]
b

0.4
0.3 =
gatlial .
$
0.1 i : : ;
| \+L81 —a— | Spi—e—ig3 —4—ljcul
o : : ‘ ‘
0 1 E 3 4 5

PGD (m)

Slope inclination B=45 degrees - Sand soil -
Slope height H=40 m

o
~d

&
bl

=
Y

P( LS>LSi/PGD)
[ (=}
& s

2 3
PGD (m)

Slope inclination B=45 degrees - Clay soil

8 a0
M
T T

i
@

P( LS>LSi /PGD)
(=] [ 7
o

o
w

o
)
T

21 N I
[——Ls1 ——Lsz ——1Ls3]

Lo ]

2 3 4 5
PGD (m)

Figure B.1. Proposed fragility curves as a function of PGA (left) and PGD (right) for low-code, low-
rise RC frame buildings subjected to permanent landslide displacements
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Table B.1. Parameters of the proposed fragility functions using PGA as an intensity measure

Parametric Median PGA (g) Dispersion B

models 151 (g) LS2(g) LS3(g) LS4(9)

sand_B30 0.19 0.32 0.43 0.64 0.43

clay_B30 0.25 0.51 0.77 1.12 0.49

sand_B15 0.27 0.49 0.68 0.98 0.47

clay_p15 0.22 0.52 0.83 1.22 0.52
sand_B45_h20 0.23 0.34 0.45 0.67 0.41
sand_B45_h40 0.15 0.17 0.20 0.25 0.36

clay_p45 1.04 1.76 - - 0.66

Table B.2. Parameters of the proposed fragility functions using PGD as an intensity measure

Parametric Median PGD (m) Dispersion B
models LS1 (m) LS2 (m) LS3 (m) LS4 (m)
sand_B30 0.15 0.38 0.62 1.20 0.45
clay_p30 0.22 0.66 1.23 2.34 0.43
sand_B15 0.22 0.56 0.95 1.71 0.43
clay_p15 0.28 0.90 1.77 3.11 0.46
sand_p45_h20  0.07 0.17 0.31 0.64 0.47
sand_B45_h40  0.04 0.14 0.18 0.25 0.50

clay_p45 0.77 1.75 3.21 - 0.54




EKTENHZ NEPIANAHWH

I.1 Eicaywyn

O1 kaToAIoBnosIg Nou npokaAoUvTal ano osigud anoteAoUv Wia KUpIAg HOPQAG aneiin yia
Tov NANBUoPO Kal To Oopnuévo nNePIBAAAOV OTIC MEPICCOTEPEC OPEIVEC KAl NUIOPEIVEG
nePIOXEG Tou kKOopou. O1 Marano et al. (2010) napathpnoav OTI oI KATOAIOONGOEIG
anoteAoUv Tnv nio diadedopévn KAl ouvaua TNV nio Qovikn OEUTEPEUOUCA OUVENEId TWV
OgIoPWV KaBw¢ BewpouvTal uneuBbuveg yia To 71.1% Twv Oavatwv and €UPECEC AITIEC
nEpav Tng OEIONIKAG TaAAvTwonG. lMa napddeiypa, o 1oXupog osiopog (Ms=8.0) nou £€AaBe
xwpa orto Wenchuan Tng Kivac oTic 12 Mdiou 2008 unoAoyileTal OTI gvepyonoinoe
neplioooTepeg and 15000 kaToAiobrosic diapopwVv TUNWV MOU KAAUMTAv HId MEPIOXN
50000 km?, npokaAavTac To 8avaTo nepinou 20000 avBpwnwv Kal TEPACTIEG OIKOVOUIKEG
anwAeieg (Yin et al., 2009). Yndpxel enodevwe yia au&avopevn anaitnon and Tnv Koivwvia
KAl TOUG EPNAEKOUEVOUC (POPEIC yia TNV anoTEAEOUATIKR OlaxeEipion Kal HEIWon TNG

O1akIvOUVEUONG NOU CUVOEETAl HE TIC OEIOHIKWE NPOKAAOUNEVEC KATOAIGOROEIC.

MNapoTl o1 YEBOdOI MOCOTIKNACG anoTiunong TnG di1akivOUvVeUoNG €ival apkeTd O1adedOUEVEG
yla @uaikoUC KIvOUVOUC ONwC Ol O£Iohoi Kal ol NANUUUPEC, OTNnNV NEPINTWON TWV
KaToAloBnoswyv, ol peBodoAoyieG MOCOTIKNG anoTignong Tng diakivouveuong Osv €XOUV
avanTuxBei napa pévo noAU npoc@arta kal dev EXOUV EQAPHOOTEI evOEAEXWC amnod Tnv
EMIOTNPOVIKN KOIVOTNTA KAl TOUGC apHOdIouG gpopeic. To YEYovoc auTo pnopei va anodoBei
oTo OTI OIAPOPEC KPIOINEG OCUVIOTWOEC TNG OIaKIVOUVEUONC EPMEPIEXOUV ONUAVTIKEG
aBeBaldTNTEG Nou kKabioToUv JUOKoANn Tnv ekTignor, Toug (Corominas kair Mavrouli,
2011b). MeTaél TWV OUVIOTWOWV aAUTWV, N anoTiynon TNC TPWTOTATAGC TWV UMO
dlakivdUveuan aToixeiwv ennpealeTal ano nolkiAeg aBealotTnTeg, AOyw Tng noAudiaoTarng
Kal duvapikng Tng ¢uUOoNG, nou JUGXEPAIVOUV TOV AVTIKEIMEVIKO MNPOocdIopiond TNG Kal
kabioTouv nPOBANUATIKA TNV &vOowudTwon TnG ortnv €fiowon Tng dlakivouveuongc.
AauBavovTtag unown Ta napandavw, KUpIog oTdXog TNC O1I0aKTOPIKNAG dIaTpIBAC anoTeAEl n
npoOTAON Kdl MOCOTIKOMOINON HIAG avaAuTIKAG peBodoAoyiag yia Tnv anoTignon Tng

TPWTOTNTAG KTIPiWV oOnAIoPEVOU okupodepatoGg (O/3) nAnciov OSIOUIKWG aoTabwv
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npavwv. H a€lonioTia Tou apiBunTikoU NPOCOUOoI®PATOC ENAANBEUETAl HECW TNG OUYKPIONG
TWV HETAKIVAOEWY OTNV MEPIOXN TOU npavoug nou e€ayovral and TIG dApIOUNTIKEG
avaAUoEIC JE TIC AVTIOTOIXEC WETAKIVNOEIC NMou unoAoyifovral anod gPneipikéG PHeBOOOUC
EKTINNONG TWV METAKIVAOEwV TUnou Newmark. ZTo nAagioio Tng diaTpiBA¢ npoTeivovTal
KaunUAEG TpwTOTNTAC VYia JIA(OPOUC TUMOUGC KATAOKEUNG, €d0d@IKEC OUVONKEC Kal
VEWMETPIEG Npavouc KAaBwC Kal anooTACEIC TNG BEwPOUPEVNG KATAOKEUNG ano Tnv moéavn
kaTtoAioBnaon, ol onoiec pnopoUv va Bpouv AUEON €QApuoyr O &va mBavoTiko nAaioio
EKTIMNONG TNG O1aKIVOUVEUONG AOYWw Twv KaToAloBrnoswv. H pebodoloyia eniBeBaiwveTal
MEOW TNG OUYKPIONG AVTIMPOOWNEUTIKWY aVANTUOOOUEVWY KAWMUAWY HE OXETIKEG
KaunUAEG TNG BIBAloypagiac kar dedoueva ano BAABEG Ot KTipla AOYw KATOAIOBNTIKWV
Qaivouévwyv otnv EAAGda kai Tnv ITaAia.

Mapadoolakd, ol MJEAETEC dANOTIPNONG TNG TPWTOTNTAC TWV KATAOKEU®V  AOYW
KaToAloBnoewv aAAd kal aAAwV QUOIK®OV aITIOV ava@eépovTal oTnv apxIKr KaTaoKeun
unoBETovTag OTI auTr UNoBAAAETal o€ Wia 1daVIKn, CUVEXN NPAKTIKR ouvThpnong. MapdAia
auTd, n NPayPatikn, duvapikh TPpWTOTNTA TWV KTIpiWV HPMNOPEI va €NnNPEACTEl onUavTika
anod @aivogeva ynpavong Twv UAIKWV, avBpwnoyeveic Opdosic kabwc¢ kal Tn
OUOOWPEUTIKA BAGBN and nponyoUPeVEC KATOAIGONOEIC 1 AAAOUC (PUOIKOUG KIVOUVOUC.
MNa va yepupwBei autd To Kevo, N NPOTEIVOUEVN NPOCEYYION EMEKTEIVETAI WOTE va AdPBel
unown TnG TNV €EEAIEN TNG TPWTOTNTAG TWV KATACKEUWV OTO XPOVO, MPOTEIVOVTAC XPOVIKA
€EAPTWPEVEC KAPNUAEG TpwTOTNTAG VYia KTipia O/ nou ekTiBevTal Of OEIOHIKWG

NPOKAAOUUEVEC KATOAIGONOEIG.

1.2 Me60odoAoyia anoTipnong TnNG TPWTOTNTAG

H d1dakTopIKr d1aTpIBN €NIKEVTPWVETAI GTNV NPOTACN KAl MOCOTIKOMNOINCN MIAg KAIVOTOHOU
MPOoEyYIoNG YIa TNV anoTignon TG TpwToTNTAG KTIpiwv O/ NOU UNOKEIVTAl OE OEIOHIKWG
NMPOKAAOUUEVEG, OXETIKA aApyYeC, €daPIKEC oAloBnoesic. H TpwToTNTa eKPPAleETAl HECW
abpoIoTIKWV AOyapIBUOKAVOVIKWV OCUVAPTACEWY TpwTOTNTAG MNOU NEPIYPAPOUV TNV
méavoTnTa unépBaonc TnG Kkabe opilduevng oTadunc BAABNC ouvapTnOel HIAGC N
NEPICOOTEPWV NMAPAUETPWY MNOU XapakTnpifouv TNV €vracn TngG nbavng katoAiocbnonc.

To ZxApa 1.1 aneikovilel To yevikd nAaiclo Tng npoTeivopevnG pebodoAoyiac. H
«IK@voTNTa» TNG KATAOKEUNG opieTal and Tnv TunoAoyia Tou KTipiou (TUNoG BgueAinong
Kal avwdolnG, YEWHETPIA, avToxXn UAIK®V), v N <«anaitnon» nepiypa@eralr and Tn
HOVIUN €da@Ikh napapoppwon, n onoia €Eaptdrtal and Tov TUMNO TNG KaTtoAioBnong (n.x.
apyn €da@ikr] oAicBnon), TIC edaPIKEC CUVONKEG KAl Tn OXETIKN B£0N TOU KTIPioU WG Npog
TV nmiBavr oAilocBaivouca eda@ikn pala. InUEIOVETAl €Niong OTI N OXETIKN Ouokauwia

£0d@ouc-BepeAimwonc-avwdoune  pnopei  va  ennpedoel  onuUavTika TNV - anaitnon
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napaugopPwong yia Tnv kataokeur. O1 dU0 AUTEC OUVIOTWOEC (IKAvOTNTA TNG KATAOKEUNG
Kal anaitnon napapopewonc) ouvdoudlovTtal kKatdAAnAa woTe va npokuwel n gebodoAoyia
EKTIMNONG TNG AnoKpiong, N ornoia anoTeAEl TNV TPITN KUpIa ouvioTwod. Ta dedoueva TNG
andkpiong oc €ninedo NApayopPWoEWV XpnoigonoloUvTdl OTn CUVEXEIA YId TNV AvAanTuén
TWV KAUNuAwv TpwTdTNTAG. Eival eniong anapaitnto va kabopioToUV OpPIAKEC OTABUEG
BAGBNG pe Bdon Tnv TunoAoyia kal Ta JopIKA XApAKTNPIOTIKA TNG KATAOKEUNG, €MNEIPIKA
KPITAPIA Kal TNV €Uneipn Kpion Twv €10IKwV WOTE va €ival duvaTtn n avantugn KapnuiAwv
TPWTOTNTAG Via OlaQOPETIKEG oTadues BAABNG.  TéAog, akohouBei n pedodoloyia

avanTtuénc Twv MbavoTIKWV ouvapTHoEwV TPWTOTNTAG.

OpLaKEG
otabpeg
BAéBng

Tunoloyio KOTAOKEUNG ]
--------------- (tunog Beperiwong, J

avwdopn)

Ikavotnta Tng
KOLTOLOKEU NG

MeBodoloyia MeBodoloyia
EKTIUNONGTNG avarmntuing
_ SOMIKAG CUVAPTHOEWY TPWTOTNTAG
Aratmon anoéKplong TpWTETNTAG
napapophuwang
TNE KOTOOKEUNG

IELOMLK

anaitnon

Ixetikn Bon g
KOUTQOKEUT§ WG PO
Vv KatoAioBnon

i Tonog katoAioBnong
- (vewpetpia,
edbadLkégouvBnkeg)

Sxnua I.1. Aildypaupa pong TG NpoTeIvOdevnG HeBodoAoyiag yia TNV eKTINNON TNG TPWTOTNTAG
KTIpiwV OMAIOPEVOU OKUPOJENATOC

>TIC eNOPEVEC NAPAYPAPOUC AKOAOUBEI HIa Mo AENTOUEPNG NEPIYPAP TWV BePeA IOV
XApaKTNPIOTIK@WV TNC NPOTEIVOUEVNC HeBodoAoyiad.

O TUNOC TNG KaToAioBnong (kKaTanTwoelG Bpdxou, porn @epTwv, €dagIkr oAioBnon KTA.)
anoTeAei pia Kkpioiyn napdpetpo TnG pebBodoloyiag, Oedopevou OTI KATOAIOONOEIC
dlaPopeTikoU TUMOU KAl hJeyeEBoug, anaiTolv ouvnOwc JIAMOPETIKEG KAl CUNMANPWHATIKEG
HEBODOOUG YIa TNV EKTIUNON TNG TPWTOTNTAG TWV UNO Jlakivduveuon oTtoixeiwv. H BAGRN
nou npokaAeitar and pia apyr €dagikn oAigbnon o €va Tunikd KTiplo pnopei va anodobei
KaTda KUplo AOYO OTNV OUCOWPEUTIKNA HOVIUN (oAIKn 1 diagopikr) €5agIikn HETAKIVNON Kal
goTiGleTal evTOC TNG aoTaboucg neploxAc Tou npavoug (Mansour et al., 2011). ZTnv
napovoa epyacia YEAETATAl Wia OXETIKG apyn €da@ikn oAigdnon nou napdyel KAPNTIKEG
PNYHATWOEIG AOYw TNG dIAPOPIKNG METAKivnong o €va kTipio O/ nou unokeiTal oTov

Kivduvo katoAioBnongc.
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Ta XxapakTnpIoTIKa Tou ogiopoU (MAAGTOG, CUXVOTIKO NepIEXOUEVO Kal dIdpKela) O oXEon Td
duvapika XapakTnpioTika Tou €3Agoug Kal Tn oTpwUaToypagia PYnopouv va ennpedoouv
onuavTika TNV anaitnon napaudépPwong TNG KATAoKeUnG. H  pn-ypauuikoéTATa TOU
€dApOoUC, N 1KAvoTNTa anooBeonC Tou UAIKOU, N OXETIKA Ouokdpyia Twv £da@IKwV
anoB&gswv Kal TOU UMOKEINEVOU unoBadpou anoTeAoUv Toug KUPIOUG NapdAyovTeg yia
evioyuon n anopeiwon TNC osiIodIKNG Kivnong (Kramer kar Stewart, 2004; Pitilakis, 2010).
H mBavdétnta aotoxiag Tou npavoug e€ival Yevikd HEYAAUTEPN Yia XAPNAOGUXVOUG
ogIodikoUC  Kkpadaopouc ouvOualOPEVOUG HE @AIVOPEVA OUVTOVIOHOU OE  XAMNAEG
ouxvoTnTec (Bourdeau et al., 2004).

H B£€0n TnNG KATAOKEUNC O£ OXEOn MWE TNV KaToAioBnon eival €niong €vac kaboploTikOC
napayovrac. H enidpaon Tng Tonoypagiac pnopei va PeTaBAaAAel To nAATOC KAl TO
OUXVOTIKO TMePIEXOUEVO TWV AOKOUPEVWV OsiodIkwV Oleyéposwv (Bouckovalas and
Papadimitriou, 2005; Ktenidou, 2010). EminAgov, n aAAnAenidpaon €dAPOUG-KATAOKEUNG
AOYW TNG napouadiag TNG KATAOKEUNG KOVTA 0T OTEWN Tou npavoUc YNopei va oUUBAAAE
neEPAITEPW OTn METABOAN TNG OEICUIKN anokpiong nAnciov autoU o©€ OxEon HWE TNV
nepinTwon Tou eAeuBépou nediou (Assimaki and Kausel, 2007; D. Pitilakis and Tsinaris,
2010). >Tnv napouca epyacia peAeToUvTal KTipla O/ JIAPOPETIKAG duoKauyiag
TONOBETNPEVA KOVTA OTNn OTEWN TOoU npavoug, Onou n Tonoypagikn €nipporn €ival YeVIKA
EVIOXUMEVN.

H TunoAoyia Tng kataokeunc (n.x. YEWUETpia, apiOpoc Twv opoPwv, I10I0TNTEG TWV
UAIK®V, To €ninedo oxediaopoU, Ta XapakTnpIloTIKa TnG BepeAinoncg kKAn.) anoTeAsi eniong
€va Baoikd napdayovra. H anodokpion otnv dia@opikn (KAl OAIKA) HOVIMN €0d@IKn
JeTakivnon €€apTdTal NpwTioTwG anod Tov TUNO TG BgpeAiwong. 'Eva kTiplo BgpeAiwpévo
O£ NAoOoAAouG €ival yevika AlYOTEPO TPWTO O OXEON HWE £€va KTIpIO OE I €MNIPAVEIAKN
BepeAioon. Avagopikd Pe Ta enipaveiakd ocuoTnuaTa Bgyeimoong, Jia akaunTn BepeAioon
(n.X. M1a YevIKN KoITOOTPwWON) Napouadidlel JEIWPEVN TPWTOTNTA OE OXEON ME PId EUKAMNTN
(n.X. Mepovwpeéva nediAa). 'Otav To ocuoTnua BegpeANimong €ival AkapnTo, TO KTiplo
avapéveTal va oTpagei WG OTEPEO OWPA KAl ol avauevopevec BAABec pnopouv va
anodoBouv Kupiwc o anwAegla AsIToupyikoTnTac. O1 oTdBuec BAaBwv opilovTal euneipika,
KaBoTI undapxel nNepiopioyevn anaitnon dopikAG BAAGBNC oTa PEAN Tou KTipiou. AVTIBETWC,
oTav To ouoTnua Oepeliwong eival eukaunTo, n dlagopIkn HETAKIivNon AOyw TNG
kaTtoAlgBaivouoag €dagikng palag pnopei va npokaA£ael dopikn BAGBN OoTNV KATAOKEUN
(Bird et al., 2005; 2006). O1 oTaBuec PBAABNC pnopouv va karnyopionoin@ouv aTnv
nepinTwaon auTr JeE Tpono avaAoyo Twv oTaduwyv nou XapakTnpiouv TIG dOMIKEG BAAGBEC,
nou ogeiAovTal o€ OsIGUIKA TAAGvTwon.

H pebodoloyia ekTipnong Tng andkpiong nepihAayfaver dUo PBrnuata anod nAeupdg

apBunTikwv avaAloswv. ApXIka, NpayydTonolgiTal aveAaoTIKR OEIOWIKR avaAucon Tou
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ouoTNUAaToC npavoug - BepeAdiwong kdavovrtag Hia anAonoinuevn Beswpnon yia TNV
avwdoun, XpnoipgonolwvTag Tov kwdika nenepacpevwy diapopwyv FLAC2D (Itasca, 2008).
To €dago¢ (auuwdec N apylAikd) unakoUsl oc eAacTonAdcTikd KATAOTATIKO VOPO
oupnepipopdc Me Kpimplo aotoxiac Mohr-Coulomb evw To «OegiopikO unoBabpo»
aKoAouBei To VOHO TNG YPAMMIKAC €AAOTIKOTNTAG. H npooopoiwon yiverar pye 4koppa
oToixeia eninedng napapoppwonc. H diakpiTonoinon smtpensl Tn d1Gdo0n TWV CEIOUIK®V
KUMATWV €WC Tn ouxvoTnTa Twv 10 Hz. MNa Tnv eAaxioTonoinon Twv avakAdOEwv TwV
KUMATWV OTa NAEUpPIKA Opla Kal oTn BAcn Tou NPOCOPOI®PATOC XpnoihonoloUvTal
KaTAAANAEG ouvopIaKEG ouvOnkeg «eAsuBepou nediou» (free field) kal «dlapavwv opiwv»
(quiet boundaries) avTioToiIXWC.

H npooopoiwon TnNG BewpoUPEVNC KATAOKEUNG OMNAICHEVOU OKUPOJEWATOC MANCIOV TNG
OTEYNC TOou npavouc €EaptdTtal and Tn Ouokapwia TnG Oepeliwonc. EEstalovrar duo
NEPINTWOEIG:

- dia eukapnTn BepeAimon (n.X. NeEPINTWON HEMOVWHEVWY NediAwV) ONoU n NPogouoiwon
TOU OUOTAMATOC BegpeAimong - avwdounG EMITUYXAveTal MPEOW TNG Bewpnong
OUYKEVTPWUEVWY (POPTICEWV OTIC ANOANEEIC TwV BewpoUpevwy oTUAWY Kal

- Mia duokaunTn OgpeAiwon Mou n NPOCOoHoiwWoNn  EMITUYXAVETAI MECW MIAC GUVEXOUG
NapaPopPwWaoIPnG €AACTIKNAC OokoU UNOBAAAOUEVN O OUOIOUOP(PA KATAVEUNMKEVN POPTION
Mou OUVOEETAl UE TO UMOKEIMEVO €0aPOC PE Xpnon KataAAnAwv oTtoixeiwv diEnipaveiac.
‘Eva Tuniko O1001a0TaTo apibunTiko npooopoiwpa dideTar oto IxAua I.2. KatdAAnAa
O10pOWHEVEG, KAIUAKOUUEVEC OEIOPIKEG OIEYEPTEIC MOIKIAWVY XAPAKTNPIOTIKWV (CUXVOTIKOU
NeEPIEXOMEVOU KAl OIAPKEIAC) MOU £XOUV KATAYPAPEI Ot €MIPAVEIAKN €PPAvVIOn Bpdaxou,
glgayovTal otn PBdon Tou apIBUNTIKOU MNPOCOMOIMPATOC. AMOTEAEONA TNG AVAAUONG
anoTeAEl N eKTiPNON TNG anaiTnong YOvIUNG d1aPopIKnG HETAKIVNONG OTNV KATAOKEUN, OTO

eninedo Tng BgpeAiwaong, AOyw TNG CEIOPIKWG aoTabouc edaPikng padac.

Osvill A B
Weoild
Weoils

free feld

-]

1

ZxApa I.2. Tuniko 51081d0TaTo aplBuNnTIKO NPOCOUOIWKA NOU XPNOIUOMNOIEITAl YIA TNV AVEAACTIKN
OEIoHIKN avaAuaon
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>Tn OUuveéxeld, n npoava@epbeioa anaitnon OIAPOPIKAC METAKIVNONG OUVAPTNOEl TOU
XpOVouU €l0ayeTal otn BAon &vog PN-YPAHPIKOU MPOCOPOI®UATOC TNG KATAOKEUNG WG
KATAVAyKAopoG, woTe va eKTIMNBEI N avapevouevn anokpion TNG. AIEpEUVOVTAI ENAPKOG
avTInpoowneuTikG nAaiolakd kTipila O/ xaunAoU UWOUG XWPIC TOIXOMANPWOEIG HE
eUkaunTo Kkal OuokaunTto ouUoTnua Oepediwong, yia TNV avaAuon Twv O0noiwv
XPpNoIJonoIgiTal To NpOypauua neENEPAcHEVwY OToixeiwv Seismostruct (Seismostruct,
Seismosoft 2011) (=x. I.3). Zuykekpigéva, n avdalucon nou npayuartonolsital eival
WeUdOOTATIKI BEWPWVTAG AVEAACTIKN TN CUUNEPIPOPA TWV UAIK®V TNG KATACKEUNG und Tn
popoen vov (fibers). Ta kdBe availuon, €Eayeralr TeAlkd n MEYIOTN aAnoOKpPIon TNG
KATAOKEUNG Oc €ninedo TonikAg napapopewong (nou anoTeAesi kalr To deiktn BAABNG).
A&iCel va onuelwBei OTI N OUYKEKPINEVN HEBODOG oTnpileTal oTnv unoBeon OTI ol BAABEG
OTNV KATAOKEUN €ival anoTEAEoPa PJOVo TNG €dagIKnG aoToxiag kal oXI ouvduaouog auThg
ME TNV €3AQIKn AVAKUKAIKR @OopTion. 'ETol, n Kataokeun Oev unoBAAAETal o€ kanoia
apxikn anopeiwon TnG avroxng n TnG duokapwiag TNG AOyw TnG nidpaong TnG €3AQIKNG

TaAdvTwong.

3m .

1

<«— 6m >

A

ZxnHa I.3. AvTINpoowneuTIKA NAdiolaka kTipia O/ xapnAou Uwoug Pe eUKapnTo Kal SUOKAUNTO
ouoTnua Bepeinong Kal nepIypagn TNG eopTIoNG KivnuaTikoU TUNou yia Tn digEaywyn TnG Kn-
YPAUHIKAG, WEUDOOTATIKAG avaAucong

O1 oplakec oTaBueg BAGBNG via pikpeg (Limit state 1), perpieg (Limit state 2), ekTeveic
(Limit state 3) BAGBec kar oAk katappeuon (Limit state 4) opifovTal ye BAON OPIAKES
TIMEC NAPANOPPWOEWY TWV UAIKWV Tou O/ (Crowley et al., 2004; Bird et al., 2005),
avaloya HE TNV MoIOTNTA KAl TA XAPAKTNPIOTIKA TNC KATAOKEURC. XTo 2xNnua 1.4
napouaialovrar Tunika dlaypdupata  €EEAIENG TNG BAABNG oe  Opoug  MEYIOTNG
napapdpPwaong ouvapTnoel TNG MeEyIoTng €dagikng emTaxuvong (PGA) kal TnG HOVIMNG
eda@Ikng petakivnong (PGD) avTioToixwg yia €va nAaioiako kTipio O/ xaunAoU Uyoug
oxedlaopévou Bdaoel guyxpovou kavoviguoU (EAK, 2000) pe eUkaunto oUoTnua
Bepeliwong, TonoBeTnuéEVo NANoiov TNG OTEWNC €voG aupwdouc ev duvdapel aotaboug
npavoUc. 3XTo oxnua anesikovifovTal €niong ol oplakEC TIMEC TNG NApAPOPPWONG TOUu
XGAuBa Tou onAlOPoU vyia kKaBe otddun PBAABng. TEAOG, oI KAPNUAEC TpwTOTNTAC

OUVAPTACEl TNG MEYIOTNC €daIKnG emTaxuvong oto Bpdaxo (PGA) r Tng napap€évouadac
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€daQIkng petakivnong (PGD) vyia Ti¢ diagopec oTdBuec BAAGBNG, napdayovrtal PeTA ano
KaTaAAnAn peEBodo oTaTIoTIKAG ene€epyaociac Tng anodkpiong (o €ninedo TOMIKWV
napagopPwWoewWyV), O OXEON HWE TNV NAPAMETPO TNG £vraong TnG katoAiodnong (PGA 1
PGD) kai TIc opilOopeveG oTABUEG BAGBNG. ZTnv nIBAvoTIKN NMPOCEyYIon MNouU MpPOTEivVeTal,
AauBavovrar unown Odidpopec aBefaidTnTeEC nou oxeTidovral PE TNV IKAVOTNTA TNG

KATAOKEUNG, TOV 0pIoud Twv oTabpwv BAABNG kal Tnv anaitnon napapdéppwaonc.

o AHp®OEG Npaveg - eukapnTo ouoTnua GepgAinong o AHp®dEG Npaveg - elkapnTto cuoTnua Bepeinong
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ZxApa I.4. MéyioTec TIMEG avanTuXBeioag napapdppwaong auvapThoel TNG PGA (apiotepd) kal PGD
(0€€1a) yia &va nAaioiako kTipio O/ xapnAoU UWouc oxedIaoPEVOU BACEI OUYXPOVOU KAVOVIOUOU HE
elkapunTo oloTnUa Bepeliwong, TONOBETNHUEVO €yYUG TNG OTEWNG EVOG AUU®doUG npavoug

AUO J1apOopeTIKEG HEBODOI £papuolovTadl Yid TOV NPoadIopIoUO TV AOYdpIBUOKAVOVIK®OV
napapeTpwv (d1aPecog kal diaonopd) TWV KAPNUA®V TpWTOTNTAG WOTE va dlepeuvnBei n
gnippon TNG enmioTniknG (epistemic) aBeBaidTnTag oTnv €KTIiPNON TNG TPWTOTNTAC. AUTEC
BaailovTal otn pEBodo TNG naAivdpounong (regression analysis method) (e.g. Nielson kai
DesRoches, 2007; Argyroudis kar Pitilakis, 2012) kai oTn MEBODdO TNG HEYIOTNG
méavogaveiag (maximum likelihood method) (e.g. Shinozuka et al., 2000; 2003).

ALp®mBEC Npavec - eUKAUNTo ouoTnpa BeleAinong
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ZxnHa I.5. SuykpITIKA Napouaciacn TUNIK®OV KAUNUA®V TpwTOTNTAG ouvapTnosl TnG PGA (apioTepd)
kal PGD (0€€1a) pe Baon Tnv pEBodo TnG naAivdpounong (RA) kal TRV YEBODO TNG HEYIOTNG
nieavo@aveiag (ML)
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>710 oxnua I.5 didovTal TUNIKEC KAPNUAEG TpWTOTNTAC cuvapTnosl TnG PGA (apioTepd) kai
PGD (d0€&id) pe Baon tTnv WEBOdO TNG naAivdpounonc (RA) kai Tnv PEBOdO TNG HEYIOTNG
mBéavo@aveiac (ML). O1 dUo péBodOI ekTIHOUV dIAUEDEC TIMEC O Opouc PGA kar PGD nou
BpiokovTdl YEVIKA O£ APKETA KAAR oup@wvia. O1 unoAoyioBeioec TINEG TN dlaonopdc B
gival ouppartéc oTic duo peEBOdoUG OTav Xpnoiyonoleital n PGD wg napdueTpog TNG €vraong
TNC KaToAioBnong, evw e€ival dpkeTd JdlAMOPETIKA OTav Xpnoigonoleitar n PGA. Mo
OUYKEKPINEVA, O1anIoTWVETAl OTI N NEBODOC TNG YEYIOTNG MIBAVOPAVEIAC EKTIUA OE YEVIKEG
YPAUMEC HIKPOTEPN dlacnopd B yia To idlo dsiypa OedopEVWV MOU MPOEKUWE aAnod Tnv

ap1BunTikn avaiuon.

1.3 EpneipikéG HEOOJOI EKTIHNONG TWV HOVIHWV HETAKIVICEWV:
ZUYKPIOEIG HE TA ANOTEAECHATA TWV HN-YPAMHIK®V, SUVAHIK®OV
avaAUcewv

Se pia MEAETN anoTignong Tng diakivdoUveuong Aoyw mbavng katoAiobnong, n €KTaon Twv
napapevouowv €eda@IKWV METAKIVACEWY Kal Oxl anA®wg n €KTignon Tng nibavornTag
EUQAVIONG TNG KATOAIOBNONC amoTeAel Tov MNPWTAPXIKO NAPAYyovTd MNouU eVOEXETAl va
odnynosl oe karanovnon kal nieavry BAABn ot KTipia kAl unodopec. >Tnv napouca
evOTNTa apXika napoucialovTdl Kal CUYKPIvovTdl TPEIG OIAPOPETIKEG EUNEIPIKEG WEBODOI
EKTIMNONG TwWV HOVIHWV OEIOPIKOV HETATOMIOEWV TWV (QUOIK®V MPpavowv: To CUuupaTiko
avaAuTIKO HOVTEAO dkapunTou oTepeoU owpatog (rigid block) Tou Newmark (1965), To
aouleukTo (decoupled) povTtédo Twv Rathje kai Antonakos (2011) kal To ouleuypévo
(coupled) povTélo Twv Bray kal Travasarou (2007), €701 WOTE va eKTINNOEI N OXETIKN
IKavOTNTA TOUG va NPOoBAENOUV TIGC AVAUEVOUEVEG OEIOHIKEG PETAKIVIOEIC TWV NPAvOV Yid

OlapOpPETIKA OEIOUIKA gevapia.

Ta anoteAéopaTa mdeIkvUOUV ToVv NOAU onuavTikd poAo Tou NMAATOUC KAl TOU GUXVOTIKOU
NEPIEXOMEVOU TOU OEIOUOU KABWC Kal TNG evOoOINOTNTAG TNG €MIPAVEIAS oAiobnong otnv
EKTIUNON TWV METAKIVAOEWV. To POVTEAO Twv Bray kal Travasarou &KTINA MEYAAUTEPEC
METAKIVAOEIC Ot Ox€on Me auta Tou Newmark kar Twv Rathje kar Antonakos.
JUYKEKpIYEVA, n Olagoponoinon oTnv npoBAEnOUevVN WETAKIvVNGON €ival nio €PQaAvic yia
TNV NEPINTWON TNC OXETIKA eUkapnTng (Ts=0.16sec) CUYKPIVOUEVN HE TNV OXEDOV AKAKUNTN
(Ts=0.032sec) oAigBaivouca eda@ikfy Mala. O1  JETAKIVACEIC nou unoAoyilovTal
XPNOIMONoIWVTAg TIG OoXEoelg Twv Rathje kair Antonakos €ival neploocOdTEPO OUUBATEG HE
autég Tou Newmark 131aiTepa oTnV NEPINTWON €vog XaunAoU NAATOUG, uwiouxXvou
osiogikoU kpadaopou. >Ta Zxnuata 1.6 kal 1.7 napouadialovtal €vOEIKTIKA OUYKPITIKA
dlaypaupaTta Onou eKTIHWVTAI Ol NAPAUEVOUTEG OEIONIKEG PETAKIVIOEIC TWV NPAVOV HE TIG

Tpelg peEBOdoUG yia BidPopeg TIHEG Tou Adyou Tng kpioung (ky) npog Tn HEYIOTN
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emTaxuvon (Kmay), YO €va O£00ONEVO OEIOUIKO OevApIo (OEIONOG «Pacoima» KAIJAKOUWEVOCG

ora 0.7g), yia Tnv nepinTwon piag napapopwoiung (Ts=0.16sec) kal HIA¢ AKAPNTNG

(Ts=0.032sec) oAioBaivouoacg edagikng nalac avTioToiXwG.
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Movipn petakivnon (m)
=

H
o 0
W

107°

Mewmark
m—.athje and Antonakos(2011)

Bray and Travasarou (2007)

""""" Rathje and Antonakos (2011) -1 TuMIkr) andkhion
""""" Rathje and Antonakos (2011) +1 Tunikr| andkhion

""""" Bray and Travasarou (20073- M ungpPadrnc 84%
""""" Bray and Travasarou (20073- M unepRaadrnc 169
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ZxAMa I.6. SUYKpPITIKA Napouaciaon TwV dIAPOPETIKWV HOVTEAWV YIA TNV EKTIUNON TWV CEICHIK®OV
METAKIVAOEWV TWV NPavaVv BewpwvTag dia akapntn oAioBaivouoa €da@ikr pada (Ts=0.032 sec)
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SxAMa I.7. SuykpITIKA napouaciaon TwV dIAPOPETIKWV HOVTEAWV YIA TNV EKTIUNON TWV CEIOHIK®OV
HETAKIVAOEWV TWV Npavmyv BewpwvTag Khia napapop@waoiun oAioBaivouoa €dagikn pala (Ts=0.16

sec)
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ZxApa I.8. ZUykpion Twv YeTakivioewv Twv Newmark'’s, Rathje kai Antonakos (2011) kai Bray kai
Travasarou (2007 W€ TIG NAPAUEVOUCEG OEICUIKEG METAKIVAOEIG TWV UN-YPAPHIK®V SUVAHIKOV
avaAUoswV yia TNV NePIiNTwon evog dUCKAWNTOU aupwmdoug npavoug
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MeTakivioelg Tov Rathje and Antonakos (m) MeTakivrioeic Newmark (m)

MeTakivijoeic Twv Bray and Travasarou (m)
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ZxApa I.9. Z0ykpion Twv YeTakivhoewv Twv Newmark'’s, Rathje kai Antonakos (2011) kai Bray kai

Travasarou (2007 Pe TIC NAPAPEVOUTEG OEITHIKEG PETAKIVIOEIG TWV UN-YPAHMIKOV SUVAUIKOV
avaAUoswyv yia TNV nNepinTwon evog eUkapnTou apylAwdoug npavoug
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EminAgov, ol PETAKIVAOEIC OTNV MEPIOXA TOU npavoug yia ouvelnkeg eAelBepou nediou
(OnA. Xwpic TNV napouacia KAMNoIa¢ KATaokKeUng oTNV KOPU®PI TOU) Mou nposkuywav anod Tig
MN-YPAMUIKEG, OUVAMIKEC avaAUOEIG OoTnV Nponyoupevn &vOTNTA OUYKpPivovTdl HE TIG
avTiOTOIXEC METAKIVAOEIG nou unoAoyilovral and Ta Tpia €PNeIpIKA WOVTEAA TUMOU
Newmark woTe va eAeyxBei n afionioTia Twv apiBUNTIKOV NPOCOUOIMPATWY AAAA Kadl va
a&loAoynOei n 1kavoOTNTA TWV TPIWV HOVTEAWV VA EKTIMOUV WOVIMEG WETATOMICEIC NPAVWOV
0g OXEON ME TNV apiBunTmikn avaiuon. Ta anoTeAéoudta Twv apiBunTIKwV avaAUcewv,
eEayopeva oe Opoug HOVIHWV 0opIfOVTIWV METAKIVAOEWV OTNV BewpoUuevn enipaveia
oAiobnong, BpiokovTal YeVIKA O KAAR CUPQ®VIA PHE QUTA TWV TPIMV EUNEIPIKWV HOVTEAWV
yla TNV NepiNTwon Tou eEeTa0B€vVTOC aup®doUG npavoucg (2x. 1.8). AVTIBETWC, N CUCXETION
dev €ival IKavonoINTIKA yia TNV NEPINTWON Tou PEAETNOEVTOC Mo eUKAUNTOU Npavoug o€
apyIAiko £€dagoc (=x. 1.9). EidikdéTepa, To HoVvTEAO TwvV Bray kai Travasarou (2007) Teivel
va NpoBAEnel PEYAAUTEPEC TIMEG METAKIVAOEWV OFE OXEON HE AUTEC TNG aApPIBUNTIKAG
avaAuonc svw Ta pHovTéEAa Tou Newmark kar Twv Rathje kar Antonakos (2011)
UMOEKTIYOUV TIC AVTIOTOIXEG METAKIVAOEIC. METAEU TwV TPIWV PHOVTEAWY, AuTO Twv Bray kai
Travasarou napoucidlel To EAAXIOTO JECO OQAANA OTNV €KTIUNON TWV HETAKIVIOEWV OF
OX£0N ME TA ANOTEAEOPATA TNG OUVAMIKAC avaAuonc Kal yid TIG dUo NEPINTWOEIC £DAPIKWV
npavov (o auuwdec Kal apyliAiko €dagoc). H avaAuTikh npooeyyion Tou Newmark
eMOEIKVUEI WOTOOO TNV MIKPOTEPN dIAONopd OTO OQPAAMA EKTINNONG TWV HETAKIVIOEWV
OUYKPIVOUEVN HE TIG NEBOdOUG Twv Bray kal Travasarou kal Twv Rathje kair Antonakos.
SUVvoAIKa, n dlagoponoinon oTNV EKTINNON TWV UETAKIVAOEWY €ival JeyaAUTepN yia Tn nio

eUkapnTn oAloBaivouoa pala anoteAoUPevn ano apyiAikd £dagoc.

1.4 KapnuAeg TpoTOTNTAG KTIpiWV O/Z o0 kaTtoAioBOaivovra npavi

KUpiog oTOX0G TnG napoloag €vOTNTAG AMOTEAEI N NpOTACN YEVIKEUPEVWV KAUMNUAQV
TPWTOTNTAG Yia XaunAoU Uwoug, nAaigiaka kTipia O/, TonoBeTnuUéva nAnagiov TNG oTEWNG
OEIOUIKWG aoTabwy npavwv cUPpwva Pe Tn geBodoloyia nou avantuxOnke oTnv EvoTnTa
I.2. O1 KaunUAEG auTéc pnopoUvV va €XOUV £QPAPUOYN OTNV €KTIMNON TNG OEIOPIKAG
TPWTOTNTAG KAl TNG CEIOUIKNG diakivduveuong kTipiov O/ oe kaTtoAioBaivovTa npavn o€
OIAPOPEG HEAETEG NEPINTWONG YIA JIAPOPEG KAIUAKEG.

E€etdlovTal povwpo@a nAaiciaka kTipia O/ Oepehiwpéva o JIapOPETIKA £3Apn
(aupwdn, apyiAika), yia didpopec kAiosic (15°, 30° 45°) kal uwn (20m, 40m) npavoug
Kabw¢ Kal anooTAoEIS TG KATACOKEUNG ano Tn otéwn (3m, 5m) woTe va dianioTwdei n
enippon Twv JIdQopwv NAPAUETPWY OTNV andkpion Kal TeEAIKA OTNV TPpWTOTNTA TNG
KaTaokeunc. >To Xxnua I.10 napouaialetal €va okapigpnua Tou BacikoU NApAPeETPIKOU

HMOVTEAOU. ZnNUEIWVETAl OTI 01 IBIOTNTEC TWV €dAPWV NOU €EETACTNKAV £ival CUUBATEG UE TIG
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BewpoUPEVEG KAIOEIC TOU NpavwVv woTe va dlaopaAileTal n euoTddeld TOUC UMNO OTATIKEG
ouvenkec. Mpenel eniong va TOVIOTEI OTI PMEAETWVTAI POVO Ol MEPIMTWOEIC MOU 0dnyouv
oTNV uWwnAOTEPN €MIOEKTIKOTNTA TWV Npavwyv o€ kaToAiodnon. Ma napadeiypa, npavn He
nmieg kAioeig (B=15°) oe oOkAnpo €dagog Oev avaAuovrtal kabw¢ n npokUNTOUGA
napagevoucda napapoppwaon Kdl €NOPEVWC N avagevouevn Ooudikn BAABn 6a nTav
aUeEANTEA Kal apa €KTOC Tou nediou PEAETNG TNG napouoac diaTpIBNC. Ta 24 povTEAA nou
TEAIKG npokunTouv unoBdAAovTal o€ pia O€ipd apiBunTIKwv avalloewv dUo BnUATWYV
(ouvoAikd nepinou 1350 avaAuoeig) e Baon Tnv npoteivopevn YebodoAoyia. AnoTEAeEoua
TWV avaAUoewv anoTeAEl N avapevopevn anokpion TNG KATAOKEUNG AOYw TnG mbavig

kaToAioBnong kail TeAIKa n TpwTOTATA TNG Yia TIG NpokadoplouEveC oTabuec BAGBNC.

EAe0Bgpo
nedio

EAgUOgpO
nedio | |

| EAaoTikO Bpaxwdeg unopabpo

l T Evdooiun Baon
*NMNNAVN
ZeIoHIKR S1EyEpon

ExnHa I.10. To und PEAETN NAPANETPIKO HOVTEAO

Me Baon Ta anoTeAéopaTa TNG €KTEVOUG NAPAPETPIKAC dIEpelvnong, NPoTeivovTal TEAIKA
ENTA OST KAPNUA®V TPpWTOTNTAC €EAPTWHEVA aAMO TIGC NAPANETPOUC MOU GUNBAAAOUV
NEPIOOOTEPO OTOV EKTIHWHMEVO Badud BAABNC TNG KATAOKEUNG. 'YOTEPA anod pia avdaAuon
€UaIoONOiac TwV AnoTEAEONATWY MPOKUNTEl OTI Ol NAPAUETPOI AUTEG €ival n KAion kai To
€0a@IkO UAIKO Tou mpavoug, Ta onoia Bpebnkav va eival eviovwg aAAnAoouoxeTi{Opeva.
To UWocg Tou npavouc anodeikvUETAl €niong Mid ONUAvTIKR NApAueETPOG NMOouU CGUMBAAAE
KaBopIoTIKA OTNV TPpWTOTNTA TNG KATAOKEUNG Yia TNV nNepinTwon andTopwyv dpHwd®v
npavwv. 'ETol, npoTeivovtal eninA&éov JIAMOPETIKEG KAPNUAEC TpwTOTNTAG YIAd APP®ON
npavn 45° avaloya pe TO UWOC TOUG. ZNUEIWVETAI OTI Ol MPOTEIVOUEVEG KAWMUAEG
kataokeualovTal yia Tnv nio dUoHev B€0n Tou KTIpioU w¢ Npoc TNV KatoAiobnan, n onoia
gival OIa@OPETIKN yIia TNV MEPINTWON TWV ANMWOIWV Kal TwV apylAwdwv npavwv. ZTo

oxnua I.11 didovTal GXNUATIKA Ol MPOTEIVOUEVEG KAWMUAEG OUVAPTNOEl TNG HEYIOTNG
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KAion npavolg =45 poipeg - Appwdeg Edapog -
Yyog npavoig H=20 m
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ZxApa I.11. MpoTevOoueveg KAUNUAEG TPpwTOTNTAG ocuvapTnosl Tng PGA (apioTtepd) kai Tng PGD
(d€81d) yia Tunika nAaioiaka kTipia O/Z xaunAoU UWoug oxXedIAOUEVA E OUYXPOVOUG KAvoVvIGHoUG

MouU UMNOKEIVTAl OE NAPANEVOUCEC 0APIKEC HETAKIVIOEIC AOYw mBavng kaTtoAiodbnong

edagikng emitaxuvong (PGA) kal TnG napapévouoag €daikng petakivnong (PGD) yia Tnv

nepinTwon €vog TunikoU nAaioiakou KTipiou O/ xaunAoU UWouc, ENAapKwG ONAICUEVOU Kal

oxedIaoPEVO PE oUYXPOVOUG

NPOoTEiVOVTAl KAl Yia OXETIKA KTipia oxedlaouEva e NAAaIOTEPOUG KavovIoHoug.

kavoviopoucg (n.x. EAK, 2000). AVTIOTOIXEC KAMMUAEG

To kTiplo nou Bepe\iwveTal 0 auu®dN nNpavr avapeveral va emdei€el peyaAuTtepo Babuo

BAGBNG oe oxéon We To avTioTolxo g€ apylAwdn npavr). 'ETol, ol KauNUAEC TpWTOTNTAG NMou

avagépovTtal o auuwdn o gUyKPIoN HPE TIC AVTIOTOIXEC yia apylAwdn npavn €ival yevika

METATOMIOUEVEG NMPOG TA APIOTEPA KAl TAUTOXPOVA €ival CUVUQPACNEVEG HE Mia MIo ypryopn
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METABaon andé Tn oTddun BAABNG nou nepiypdgpel TIC HIKPEC BAAGBEC mMpoc¢ aAuTn nou
oxeTiCeTal ge TNV OAIKN KaTtappeuon. O dIapOopPEC AUTEG YivovTal EYPAVECSTEPEC KABWG N
KAion Tou npavouc au&avel. MeTa&u Twv nepINTwoewy nou g€etalovTal, To 45° auuwoEeg
npavecg peyaAUTepou UYWouG Kal To 45° apyIAwOec npavéc NpokaAoUV TIGC HEYAAUTEPEG Kal
MIKpOTEPEG BAGBEC avTIOTOIXWC OTNV KATAokeun. H diaonopd B Twv KAPNUA®V KUMPaiveTral
ano 0.39 éwcg 0.66 kal and 0.40 éwg 0.50 oTav Bewpeital N PGA kai n PGD avTioToixwg wg
METPO TNG €vTaoncg Tng KaTtoAigbnong. O1 peyaAUTepPeC TIHEC TNG dlaonopdg B avapevovTal
yla Ta npavn pe andtoun kAion (45°) kai yia Ta apyiAika €daen.

EninpooBeTwe, €EsTAdoTnKav KAMOIEC €NINAEOV NAPAPETPOI ONWCG TO €MiNeEdO TOU UMNOYEIOU
vepoU, n Bewpnon UAIKOU KaToAioBnong nou «xaAdpwver» PE TNV napdpopwon (strain
softening material), n &vdoOINOTNTA TOU OUCTANATOC BeueAiwong, n YEWMETPIa TNG
KaTaokeung (o apiBuog Twv opOPwWV KAl TWV avolypdTwy) Kal To €ninedo Tou oxedldouou
TNG, M€ okono va JlepeuvnBei n OXeTIKN enidpacn Kabepiag anod auTéC oTnV TPWTOTNTA TNG
KATAoKeUNG. H enippor] TG kKabe napauéTpou Pnopei va dlapoponolsiTal og oXEon KE TO
£0a@IkO UAIKO Tou npavoug (n.x. yla Tnv nepintTwon Tng Bewpnong unoyeiou vepoU) Kal HE
TNV &vdoolyoTnTa Tng OepeAimong (n.X. yia Tnv nepinTwon onou HeTAaBAAAETal n
YEWUETPIA TNG KATAOKEUNG). ZUVOAIKA, N €nidpacr Toug MMopei KATw UnO OPICHEVEC
ouvlnkeg va sival kaboploTikn yia Tov npoPAenduevo Baduo BAABNC TNG KATAOKEUNC.
SNUEIOVETAI, WOTOCO, OTI MHia Mo OIe€odIkr avaAuon KaBepldG &K TWV aAVOWTEPW
NapaueTpwyv OIKAIOAOYEITAI HOVO O OUYKEKPIUEVEC MEAETEC NEPINTWONG OMou E€ival
OlaBeoIpya enapkn oToIXEia yia TIG 1010TNTEC Tou €DAPOUC, TN YEWHETPIA TOU Npavoug Kai
TNV TumnoAoyia Kal Ta UAIKG Twv uno O1akivOUVEUON KATAOKEUWY. XTa ZxnuaTta 1.12 €wc
1.17 divovTtal kdnola ouyKpITIKG avTINnpoowneuTIKA anoTeEAEOPATA UNO HOPQPN KAPMUA®V
TPWTOTNTAC OMNOU NEPIYPAPETAl N OXETIKA EMIPPOr TNG KAOE NAPAPETPOU YIAd KATAOKEUEG

BePENIWUEVEG O AUNWOEC £DAPOC.
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Zxnua I.12 KapnUAeg TpwToOTATAG ouvapTnosl TNG PGA (apiotepd) kal Tng PGD (d€€ia) oTav
MeTaBAAAeTal To €ninedo Tou unoyeiou vepoU (Enpd N HEPIKWG KOPEOUEVA €dAPIKA UAIKA)
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SxnuHa I.13. KapnuAeg TpwToTNTAG cuvapTnaosl TnG PGA (apioTepd) kal Tng PGD (d€€1a) yia
Bewpoupevo () 0x1) UAIKO KaToAiobnong nou «xaAapwvel» Pe TNV napaudpewon (strain softening
material)
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ZxApa I.14. KaunuAeg TpwTdTNTAG ouvapTtnaosl Tng PGA (apiotepa) kai TnG PGD (d€&ia) oTav
METABAAAETAI N EUKAPWIA TOU CUCTAHATOG BepeAiwaNCg
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SxnuHa I.15. KapnuAeg TpwToTNTAG cuvapTnaosl TnG PGA (apioTepd) kal Tng PGD (d€€1a) yia
Hovwpo®a Kal diwpogad nAaioiaka kTipia O/ evdg avoiypaTog
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ZxApa I.16. KaunuAeg TpwTdTNTAG ouvapTnoel TG PGA (apioTtepd) kai TnG PGD (d€&ia) oTav yia
Hovwpoga nAaiciaka ktipia O/ evog kal dUo avolypdTwy
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ZxAHa I.17. KapnuAeg TpwtdTNTAg cuvapThioel TnG PGA (apioTepa) kal Tng PGD (dgia) oTav
peTaBaAAeTal To ninedo oXediaopoU TNG KATACKEUNG

1.5 A&l10Adynon TNG NPOTEIVOHEVNG HEOOSOU

H ouykekpigyévn €vOoTnNTa OTOXEUEl OTnNV e€naAnBegucon TnG a&lonioTiag TNG MPOTEIVOPEVNG
HEBodOAOYIAC KAl TWV OXETIKWV KAMNUA®V TpwTOTNTAG.

Apxikd n eykupOTNTAa TNG MEOBODOU EKTIYATAlI MECW TNG COUYKPIONG AVTINPOOWMNEUTIKWOV
avanTuxBeEvTwy KapnuA®Vv TPWTOTNTAG YIa TUNIKA nAaicliakd kTipia O/Z xaunAou Uwoug
eni elkapnTnNg BgpeAiwong YE avTIOTOIXEC KAWMUAEG TN BIBAloypagiac nou nposkuyav
ano JIaPOoPETIKEC NPOOEYYIOeIC. EIdIKOTEPA, KAUNUAEC TPpWTOTNTAC KTIpiwV nou BaacifovTal
ot euneipika dedopéva BAaBwv (Zhang kai Ng, 2005), Tnv €uneipn Kpion TwV EI0IKWV
(NIBS, 2004) 2010)

xpnoigonomnénkav yiI' auth Tn ouykpion. Xta Ixnuarta I.18 €wg I1.20 divovTal KAMOIEG

kal oe apiBunTikég avaAuvoeic (Negulescu kai Foerster,

XAPAKTNPIOTIKEG CUYKPIOEIC TWV MPOTEIVOUEVWV KAUNUA®V TPWTOTNTAG UE TIG AVTIOTOIXEG
KaunuAeg Twv Zhang kai Ng (2005), Tou HAZUS (NIBS, 2004) «kal Twv Negulescu kai

Foerster (2010). Mpénel va onuelwBei OTI oI NPOTEIVOUEVEC KAMMNUAEC nou
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XpnoigonoloUVTal yid TIC OUYKPIOEIC avTIOTOIXOUV OE HIa PJEON NEPINTWON avapopika PE TIC
avapevopeveg BAGReg otnv kataokeur (yia kAion npavoug 30° kal auuwdeg £€dagog). Oi
OUYKPIOEIC KpivovTadl YEVIKA IKAVOMOINTIKEG OEOONEVOU TwV OIAPOPETIKWV UMOBECEWV NoU

oxeTiovTal JE TIG NPOTEIVOUEVEG KAWMUAEG KAl AuTEG TNG BIBAIoypagiac.
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ZxApa I.18. ZUyKkpion avTINPOCWNEUTIKWV NPOTEIVOUEVWVY KAPNNUA®Y oUvVapTROEl TNG Kadidnong
(oAIKAC KaTakdpUPNG HETAKIVNONG) HE TIG EPNEIPIKEC KAPNMUAES Twv Zhang kai Ng (2005)
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ZxAMa I.19. SUyKpIon avTINPOOWNEUTIKWV NPOTEIVOUEVWVY KAPNNUAW®V Yia eKTEVEIG BAGBEG Kal OAIKN
KATApPEUCN OUVAPTNOEl TNG Napapevouoac eda®Ikng Yetakivnong (PGD) pe TiIc kapunUAeG Tou
HAZUS (NIBS, 2004)
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SxAua I.20. ZUyKpIon avTINPOCWNEUTIKWY NPOTEIVOUEVWV KAUNUA®Y oUvapTnaoel TnG S1apopikig
HETAKivnong We TIG avaAuTIKEG kaunUAeg Twv Negulescu kai Foerster (2010)

IdiaiTepo evdia@Epov napoucidlel €niong n CUOXETION TWV KAWAUA®V Mou npoTeivovTal
OTNV OUYKEKPIYEVN €peuva yia XapnAoU Uyoucg, nAaiciakda kTipia O/ nAnoiov TNG OTEWNG
npavwv nou ekTiBevTal O NAPAPEVOUOEG OEIOHIKEG METAKIVACEIG AOYyw miBavng
kaToAioBnong, Pe avTioToIXeG KAPNUAEC TNG BIBAIoypagiag yia TiG idIeG TuNoAoyieg KTIpiwv
o€ opICOVTIa OTPWHATONOINKEVEG €DAPIKEG anoBeoelg (Xwpig TNV Unap&n onolagdnnoTe
TONoypagIkng €§apong) nou unoBAaAAovTal og avakukAIKr GOpTIoN AOYw €VOG OEICHOU.

H evapudvion OAwV TWV KAUNUA®V WG NMPOG TO METPO TNG EVTACNG KAl TOV apiBud Twv
oTabpwv BAaBwv anoTeAei anapaitnTn npoUnoBeon vyia va kartaotei duvaTtn n
NPOCEYYIOTIKN OUYKPION TWV NPOTEIVOUEVWY KAWMNUAWY PE auTEC TNG BIBAIoypagiac. AuTh
EMITUYXAVETAl JECW Tou epyalegiou Syner-G Fragility Function Manager (Crowley et al.
2011- SYNER-G project) nou emTpénel Tnv anoBrnkeuon, evapuovion kal ouykpion
OIAPOPETIKWV KAUMUAWV TPWTOTNTAG. SUYKEKPIYEVA, N €vapuOVIOn WG NMPoG TNV €vTaaon
eMITeEAEiTAl BewpwvTag TNV PEYIOTN €dagikn enitaxuvon (PGA) oTnv enipaveiakn egeavion
Bpaxou G HETPO TNG €vTAONG Kal UIOBETWVTAC KATAAANAEC OXEONC METATPOMNC TWV
apxXIKWVv napaPeTpwyv evraonc os PGA. H evappovion w¢ npog TIGC oTdaduec BAGBRNG
OleEayeral yia duo oTabuec BAaBwy, AuTeG nou avTigToixoUv oTn diappon Kal oTnVv OAIKN
KAaTAppeUON TNG KATAOKEUNC. Kanoia Tunika cuykpITika d1aypaupaTad TWV EVAPHOVIOUEVWV
NPOTEIVOUEVWY KAUMNUAWV HE TIC AVTIOTOIXEG OEIOHIKEG KAMMUAEG TPWTOTNTAG TNG
BiBAloypagiac naparibevTal aTto Xxnua I1.21.

AlanioTwveTal OTI yia Tn oTaddun BAGBNC nou avTioToIXEl oTn dlappor ol NEPICOOTEPEC EK

TWV KAUNUA®V TPWTOTNTAC TNG BIBAIoypagiac npoBAEnouv PeyaAuTepeg BAABEC via Tnv
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KATAOKEUN O OXEON HE TIC NPOTEIVOUEVEG. AUTO aiveTal Aoyikd AauBavovTtac unoéwn OTI n
KATAOKEUN €VOEXETAI YEVIKA VA avanTUEEl KANoIeC apXIKES (ouvnNBwWC HIKPEG) BAGBEG Aoyw
TNG OSIOPIKNAG TAAAGVTWONG NpIvV TNV €vap&n Tng KaTtoAiobnong. AvTIBETWC, yia TNV OTABUN
BAGBNC nMou avTIOTOIXEI OTNV OAIKN KATAPPEUCHN Ol MNEPICCOTEPEC ANO TIC KAMMNUAEG TNG
BiBAloypaiac ekTioUV PIKPOTEPEC BAGBEG O OXEON HE TIC NPOTEIVOUEVEG. 'ETOl, META TNV
OEIOMIKN €vepyonoinon TnG KaTtoAiobnong, auTr pnopei, und npolnoBEosic, va YETATPANEI
oTov KUPIO PUNXaviouo aoToxiag, odnywvTag ge HeyaAUTEPEC BAABEG TNC KATAOKEUNG KOVTa
oTNV KATappeuan.

JUVOAIKG, Ol MNPOOCEYYIOTIKEC QAUTEC OUYKPIOEIC OewpoUvTal ApKETA IKAVOMOINTIKEC.

davepwvouv, wOTOCO, Tn HeYAAn aBePaidTnTa nou OXeTI(eTAl HE TIGC OIAPOPETIKEG

KAMMUAEG TpWTOTNTAG NOU ouvavTwvTal otn BiBAloypagia.
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ZxAHpa I.21. SUOXETION TWV EVAPHOVIOUEVWV MPOTEIVOPEVWV KAPUMUA®V TPWTOTNTAG OUVAPTHOEl TNG
PGA yia xapunAouU Uwoug, nAaioiakd kTipia O/ oxedlaouevwy Bacel oUyXpovwVy KAvovIoU®V nou
EKTIOEVTAI O€ NAPAPEVOUTEG OEIONIKEG HETAKIVIOEIG AOYw NiBaving kaToAiobnong Ke TIG avTioTOIXEG
Twv Kappos et al. (2003), Tsionis et al. (2011), Erberik (2008) ka1 Fotopoulou et al. (2012) yia Tig
i01EG TUNOAOYIEG KTIPIWV NOU UNOKEIVTAl OE CEIGHIKA TAAAVTWON

H a&lonioTia TNG NpoTEIVOUEVNG AVAAUTIKAG NPOCEYYIONG KAl TWV AVTIOTOIXWV KAUMUA®V

TPWTOTNTAG EKTINATAI €MNIONC PMECW TNG £PAPHOYNG TNG O dUO MEPINTWOEIG NPAYHATIKWOV
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KATAOKEUWV: OE €va TUMIKO KTiplo TOMOBETNUEVO NANGIOV TNG OTEWNG €VOC (PUOIKOU
npavoug oTnv nepioxn Tng Katw Axaiag Melonovvioou otnv EAAGda nou uneorn BAABEC
oTo ogioud TnG HAeiag - Axaiac To 2008 (M= 6.4) kal o £va KTiplo Nou unoBAnGnke os
MOVIMEG HETAKIVNOEIG AOYw KaToAiobnong oTo xwpld Corniglio otnv ITaAia.

Mo ouykekpinéva, n nNPoTeIvVOPeVn UEBODOC papuoleTal O €va aAVTINPOOWNEUTIKO KTiplo
O/Z TonoBsTnuévo KOVTA 0T OTEWN €vOC npavoug oTnv nepioxn Tng Katw Axaiag, onou
napaTtnpnBnKe CUYKEVTPWON TWV MEPIOTOTEPWV OONIKWV BAABWV O KTipid KAl UNOJOWPEC
WG anoTéAeopa Tou osiopoU TG HAsiac-Axalac (Mw= 6.4) oTic 8 Iouviou Tou 2008. Tooo
To KTipio 600 KAl TO TMPAVEC Mpooopolwenkav KAvovTac Xpnon HN-YPAauuIK®V
KATAOTATIKWV HOVTEAWV WOTE vad eKTIUNO&i n TpwTOTNTA TOU TumMikoU KTIpiou Kai va
anoTiun®si n afionioTia TNG avanTuooopevnG MeBodoAoyiac KAl TWV  avTioToIXWV
ouUVapTHOEWV TPWTOTNTAG.

H Baoikn ouAAoyioTikn €ival apxika va sniBeBaiwBei 6T yia Tov osioyd TnG 8" Iouviou
2008 n ouykévTpwon Twv napatnpnbeicwv BAaBwv oTa KTipia NAngiov TNG OTEWNG TOU
npavouc ATAV NPWTIOTWG AMOTEAECUA TNG EVIOXUONG TNG OEIOUIKAG TAAAVTWONG AOYw TNG
Tonoypagiag. XTn CUVEXEId, YIa €va Mo I0XUPO OEIOPIKO OevAapIo EMIXEIPEITAl N EKTIKNON
TWV avagevopevwy BAaBwv oe &va Tuniko KTiplo €yyUC TNC OTEWNC nNou unoBAAAsTal og

NAapapéVOUOEC OEIOHIKEG METAKIVAOEIG AOYW Miag mBavng katoAiocbnong.
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ZxAMa I.22. MpoTEIVOUEVEC KAUNUAEG TPWTOTNTAG AVTINPOCWNEUTIKEG TNG NEPIOXNC HEAETNG KAl TWV
XAPAKTNPIOTIKOV TWV KATAOKEUMV TNG NEPIOXNG

SUPQWVa JYE Ta anoTeAEoNATa TnNG apiBuNTIKAG avdAuong, To TUMIKO KTipIo avapeveTal va

napouoiaosl MPIKPEC BAABeC yia To eninedo eniBaAAOPeEVNC OEIGUIKAG POPTIONG Mou
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avTIOTOIXEl KaTA Npoocyylon oTov KUplo osiopyo TnG 8" Iouviou 2008 (PGA«=0.29g), ol
ornoiec BpiokovTal o€ oCUPPWVIA YE TIC NAPATNPNOEIOEC, EVW AVAUEVETAI VA UMOCTEI OAIKN
KAaTApPEUON YIA TO IOXUPOTEPO OEIOHIKO oevapio (PGA..«=0.5g). H dueon ouykpion Twv
BAaBwVv nou npogkuwav and Tnv avaiuon HE TIC avTioTolxeG BAABEC nou npoBAENouv ol
NPOTEIVOUEVEC AVTINPOCWNEUTIKEG KAWMUAEG TpwTOTNTAG (BA. =X. I. 22) mioTonolei OTI oI
KAMMUAEG Mou NpoTeivovTal TN CUYKEKPIYEVN d1aTPIPR Hnopouv va npoBAEWOUV ENAPKWG
TNV avapevouevn €nidoon avTINPOoWNEUTIKWY KATAokeuwv O/ nou ekTiBevTal o€ POVIHEG

OEIONIKEG OlAPOPIKEG HETAKIVAOEIG AOYw KaToAiobnong.

O 0OTOXOC TNG €PAPHOYNG TNG MPOTEIVOUEVNG HEBODOAOYIaG Ot €va avTIMPOOWMNEUTIKO
kTiplo aTto xwp1d Corniglio Tng ITaAiag, To onoio UNECTN WOVIMEG METAKIVAOEIG AOYw TNG
ouvexoUC kaToAloBnoTIkAG OpaoTnpidTNTAG OTnVv nepioxr, €ival dITToGc:  npwTov, va
dlepeuvnoel TNV a&lonioTia TwV KAUNnUA®V TpwTOTNTAG Nou avanTtuxénkav otnv napouca
d1aTpIBr) MEOW TNG OUYKPIONG TOUG ME Tnv napatnpnOesica BAABn oTo KTiplo yia To
OUYKEKPINEVO €ninedo METakivnong Tou €dAQOUC KAl TNG KATAOKEUNG Kal OeUTeEpov, va
EMNEKTEIVEI TNV €QAPMOCINOTNTA TNG VEAG MPOCEYYIONG, MNPOTEIVOVTAG MO PEAAICTIKEG
KAUMUAEG TPpWTOTNTAC VIO TO UMO HEAETN KTIPIO HECW MPONYMEVWV apIOUNTIKOV
avaAUoewv.

'Evag noAuTIgog Oykog dedopevwy (0 OpOUC NApAPEVOUCWY £0AQIKWV HETAKIVACEWY KAl
MOVIUWV PETATOMIOEWV KTIpiwV KABWG Kal Kataypa@ouowVv BAABWV TV KTIPiwV Adyw Tng
kaTtoAioBnong) kartéorn OiaBéoipyoc kai eneepydornke (Callerio et al., 2007) vyia €va
nAndog kTipiwv oTo Xwpid Corniglio, nou TonoBeTeital voTIOOUTIKA TwV ITAAIKWV
Appennines. To XxnAua I1.23 anekovilel TunikoUG GUOXETIOPOUC METAEU TNG MOVIUNG
METATONIONG TOU UNO PEAETN KTIpioU ano PETPNOEIC YEWDAITIKAC XwpooTadunong (geodetic
levelling), Tng napapévouoag daPIKAG METAKIVNONG and To KOVTIVOTEPO OE OXECN ME TN
B€0n TOU KTIPiOU IVKAIVOUETPO KABWC KAl TWV HETPNOEWV AVOIYHATOC TWV PWYHWOV TOU
KTIpiou. 210 oxnua dideTal eniong n opilOoPevn KAIPaka ekTipnong TN BAGRNc (ouvapTnosl
TOU avOoiyHAToG TWV PWYMW®V), NOU EMTPENEI TNV AMNOTINNON TNG aAvauevopevns BAABNCG

OTNV KATAoKeuUr.

Apxika, enIAExBnkav OUO OST KAUWNUA®WV TPWTOTATAC AVTIMPOOWMEUTIKWV TNG MEPIOXNG
MEAETNC Nou Mnpogkuyav and Tnv nNapaueTpikn dIEpeUvnon OTNV MPonyoUHEVn €vOTNTA
(=x. 1.24). Autd ouykpibnkav pe Tnv napartnpnbeica BAABn oTo KTiplo, n onoia
EKTIMNONKE and <«ueTpia Ewc coBapn» yia To PeTpnOEv eninedo PETAKIVNONG TOU KTIPiou
(0,121 ) (BA. Zx. 1.23). Ta T0 idI0 €niNedo WPETAKIVNONG Ol NPOTEIVOUEVEC KAMMUAEG
NPOBAENOUV «UIKPEC EWC LETPIEC» KAl <UETPIEC EWC EKTEVEIC» BAABEG Nou BpiokovTal o€
OXETIKA KAAN oUPQWVia PE TIC AvTioToIxeG oTaBuec BAABNG nou opioTnkav pe Bdon Tnv

evopyavn napakoAoUBnon kai Tnv &ni TOMOU napaTtnipnon. >nUEIOVETAl OTI Ol
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avapevopevee BAABec nou npokUnTouv and TIC MPOTEIVOUEVEC AVTIMPOOWNEUTIKEG

KaunUAEG yia kKAion npavoug 45° ival nepioocOTEPO CUPBATEC PE TIG NApaATnpnOeioed.
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ZxApa I.23. ZuoxeTioslg HETAEU TNG HOVIUNG METATOMIONG TOU UMNO PEAETN KTIpiOU ano PETPROEIG
YEWDAITIKNG XwpoaTabunong (geodetic levelling), Tng napapévouaag €daPIkng JeTakivnong and To
KOVTIVOTEPO OE OXEON WE TN B€0n TOU KTIPIOU IVKAIVOUETPO KABWG Kal TWV PETPHOEWV avVoiyuaTog
TWV POYH®V TOU KTIpiou (CUYKPIVOUEVA WE TIC opI{OPEVEG 0TABUEG BAGBNC) ouvapTroel Tou Xpovou
(Callerio et al., 2007)
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ZxAMa I.24. AVTINPOOWNEUTIKEG AVAAUTIKEG KAUMUAEG TPWTOTNTAG MOU NMpogkuyav ano Tnv
napapeTpikn digepelivnon yia kAion npavoug B=30° (apioTepd) kal B=45° (dekid)
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>Tn OUVEXEId, TNPOKEIUEVOU VA €£MNeKTABEl TO €UPOC EQAPHOYNC TNG MPOTEIVOPEVNG
peBodoAoyiag, avanTuxdnkav NePICOOTEPO PEAAIOTIKEC, AVAAUTIKEG KAWMUAEC TPWTOTNTAG
yia TO und HeAETN KTipio oTto Xwpid  Corniglio pEOWw HN-YPAMHIK®OV dpIOUNTIKWV
avaAuoswy, Ye Baon Ta diabeoipa dedoueva NG neploxng (duadiaoTaTn YEWTEXVIK TOUN
TNG NEPIOXNG, KATAypapEC TOU IVKAIVOUETPOU A3-2 nou BPIioKeTAl NANCIOV TOU UNO HEAETN
KTIpioU, WETPNOEIC METATONIOEWV KAl PWYHWV OTO KTipio). O KAUNUAEG TPpWTOTNTAG MOU
npoTeivovTal yia To uno PeAETN kTiplo (Zx. 1.25) ekTigouv OTI auTd avapeveTal va unooTei
«UETPIEC EWC EKTEVEIC» BAABEG yia To WETPNBEV eninedo PeTakivnong. AUuTEG BpiokovTal o€
noAU KaAn cup@wvia Pe TIG BAGBEG Nou mMpogkuwav and TIG EVOPYAVEG KATAypa®EC Kal
TNV €ni TONou £peuva, eniBeBai®vovTac TNV eykupoTNTA TNG NPOTEIVOUEVNG HeBodoloyiag

Kal TWV avTioTOIXWV KAUMNUA®V YIA TN OUYKEKPIMEVN EPApUOYN.
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ZxApa I.25. KaunuAeg TpwTOTNTAG NOU NPOTEivovTal yia TO und PEAETN KTipIO OTNV MEPIOXH TOU
Corniglio

1.6 EEEAIEN TNG TPOTOTNTAG TWV KATACOKEU®V OTO XPOVO

O1 nepiogoTEPEC NEBOOOI anoTipnong BswpoUv Tn PUCIKN TPWTOTNTA WG «APETABANTN» OTO
XpOvo. Qo0TOCO, N nNpayuartikr, OUVAMIKN TPWTOTNTA TwV KATACKEUWV WMMOPEi va
METABAAAETal OTO XpoOvo, ennpealdpevn anod @aivopeva yAPavong TwV  UAIKOV,
avBpwnoyeveic OpACEIC KAl CUCOWPEUTIKA PBAABN anod nponyoUPEVEC KATOAIGOAOEIC N
ailAouc @uaikoUg KIvdoUvoug. Mapd Tic Npoondabeleg KANOIWV EPEUVNTWY VA CUUNEPIAGBoUV
TOV XPOVO WG HId BAciKn ouvIoTWOd TNG TPWTOTNTAC, N XPNoON XPOVIKA £EAPTWHEVWV

OUVAPTAOEWV TPWTOTNTAC deV €ival apkeTa d1adedopevn £wC OrPEPa.
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H napouoa OiatpiBr) @IA0d0&ei va KaAUWel ev PEPEI QUTO TO KEVO, EMEKTEIVOVTAC TNV
MPOTEIVOUEVN MNPOOEYYION WOTE va AdBel unown TnG TNV €€EAIEN TNG TPpWTOTNTAC TWV
KTIPIWV OTO XpOVO. ZUYKEKPINEVA, N YNPAVON TwV UAIKOV KTIpiov O/ AauBaverar unoyn
UIOBETWVTAC XPOVIKWC €€apTwueva, nbavoTikG povTeAa didBpwonc Tou XAAuBa Tou
onAlopgoU oTo peBodoloyikd nAdiolo anoTignong Tng TpwTtoTnTag. EEstalovral duo
duopevn oevapia O1aBpwong nou oxeTilovral PE TNV evavBpdkwon Tou XAaAuBa Tou
onAiopoU kai Tn dieiocduon XAwpIOVTWV TNG atpoopaipac. H pebodoloyia epapuodleral os
Tunikd nAaioiaka kTipla O/ xapnAou Uyoug, nou ekTiBevTal oTn cuvduacouévn dpdon TG
napapévouoag OesIoHIKAG OlagopIknG MHeTakivnong Adyw Tng katoAiobnong kar Tng
d1GBpwong Tou onAlohoU. EEetdlovral kTipla pe eUkapnTo Kal dUokapnTto ouoTnua
Bepeliwong, TonoBeTnNUEVa €yyUC TNG OTEWNC OEICPIKWG €V dUVAMElI aoTabwyv npavwv. H
avaluon nou npayuaTtonolsital  €ival  WeudooTdaTikn BewpwvTac aveAdoTikn Tn
OUMMNEPIPOPA TWV UAIKOV TNG KATAOKEUNG unod Tn Hop®en Ivov (fibers). H diaopikn
METAKivnon AOYyw®w TNG KaTtoAioBnong ouvapTnoel Tou Xpovou &glodyeTal orn BAcn Tou

MPOCOPOIWUATOC TNG KATAOKEUNC WS (POPTION KIVNUATIKOU TUMNOU.

H katavoun Tou Xpovou €vap&ng Tng dIaBpwong eKTIHATAI YEOW MNpPooopoiwong Monte
Carlo kavovTacg Xprnon KataAAnAwv niBavokpaTikwv HOVTEAWV Yia Ta dUo MPeAETNBEVTA
oegvapia d1aBpwaonG. TN CUVEXEIA, N ANWAEIA TNG €NIPAVEIAC Tou XAAuBa oTo Xpovo AOYyw
TNG O1BPWONG NPOCOUOIWVETAI HEOW TNG AMNOMEIWONG TNG evepyoU OIATOMNNG TwV pABdwvV
Tou onAigpgou. To 2xnua I1.26  aneikovilel Tnv mBOAVOTIKA EKTIUNON TNG XPOVIKA-
€EAPTWPEVNC ANOPEIWHIEVNG eMPavelag diaBpwaong Twv papdwv Tou onAIouoU OTo Xpovo t,
A(t), kavovikonoinuévng wg NPog TNV apxIkr enipaveia Tou onAigpou, A(ty), yia Ta duo
oevapia di1aBpwong nou MPeAeTwvTAl. 'Onwg avapevovtav, n apefaidTnTa oTnVv €KTiynon
TNC ANWAEIAC TNC ENIPAVEIAC TOU ONAIOUOU TEIVEI va Au&avel oTo Xpovo, eEapTwuevn and
Tn ouleuypevn apBeBaidTnTa oTnv apxikn SIAUETPO TWV paBdwV Tou onAloyoU, oTo pudbuo
Tng d1dBpwaoNG Kai oTo XpOvo £vapéng Tng diaBpwaong.

O1 oTdBuec BAGBNC opifovTal ouvAPTNAOEl OPIGKWV TIHWV TOMIK®V MAPAHOPPWOEWY TOU

XAGAUBa, ol onoiec eniong peraBaAAlovTal oTo Xpovo.

H npoTeivopevn Npoogyyion KAaTaAnysl oTnv — avantuén Xpovika €EapTWHEVWV
AOYapIBUOKavVoVIK®V KAPNUA®V KAl ENIPAVEI®V TPWTOTNTAG cuvapTAoel TNG PGA 1 Tng
PGD vyia KTipia onAIOPHEVOU OKUPOOEWATOC, MOU EKTIBEVTAlI OE OEIOHIKWG MPOKAAOUMEVEG
KaToAloBnoeic yia Ta OUo JIa@OpPETIKA oevapia diaBpwong (AOyw e&vavOpdkwaong Tou
XAaAuBa kal Adyw dicioduong XAwplovTwv). 3To XxAMata I1.27 Jivovral Tunika
anoteAéopaTta und popen XPOVIKA HETABAANOUEVWV KAWMUAWY KAl EMIPAVEIDV
TPWTOTNTAGC ouvapThoel TnG PGD yia Tnv nepinTwon Tou KTipiou nou &dpaleral ot
eukaunTo ouoTnpa BepeAiwong, yia To oevdaplo TnG dIGBpwonc nou oxeTi(eTal PE TN

dlgioduon XAWPIOVTWV.
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ZxApa I.26. MeTaBoAn TNG KAVOVIKOMOINKEVNG ENIPAVEIAG ToU ONAIOHOU HE TO XpOVOo AOYw ToU
@aivopévou TG diIaBpwaong yia Ta oevapia (a) Tng evavbpdkwaong Tou XaAuBa kar (B) Tng
€nidpaong XAwp1ovTwv

'Onw¢ gaiveral oto Ixnua I1.29, n xpovika €EapTwuevn JIAUETOC TV KAPMNUAWY PNOPEi va
avanapaoTadei €nNapkwG ME MIA MOAUWVUMIKR ouvaptnon 2°° BaBuou. TETola HOVTEAQ
NPOCPEPOUV TO MAEOVEKTNUA TNG AUEONC EKTINNONG TWV OIGUECWV TWV KAMNUA®V Yid TO
OeOOUEVO KTipIO KAl YIA TO CUYKEKPIYEVO Ogvapio 31aBpwong yia onoiadnnoTe OTIYUR OTO
XpoOvo, epdooV gival yVvwoTh N TpWTOTNTA TNG KATAOKEUNG OTNV ApyIKN TNG KaTaoTaon.

MapaTtnpeitTal 0TI N TPWTOTNTA TWV KATAOKEUWV aAUEAvel 0TO XpoOvo Adyw Tng d1aBpwaong.
AuTtl n al&non e€ival NepIOCOTEPO €UPAVNG Yid TNV MEPINTWON Twv KTipiov O/ eni
eUkapnTng BepeAiwong nou ennpedlovTal ano gaivopeva diaBpwaong Adyw Tng diioduang

XAWPIOVTWV.
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ZxApa I.27. Xpovika EapTWHEVEC KAUMUAEG Kal ENIPAVEIEG TPWTOTNTAG ouvapTroel Tou PGD, yia
MIKPEG (LS1), METPIES (LS,), ekTeveig (LS3) BAGBeG kal oAikn kaTtdppeuon (LS,), yia €va Tuniko
xapnAou Uwoug nAaioiako kTipio O/ eni eUKAPNTOU CUCTHUATOG BepeNinvang, yid To GEVAPIO TNG
d1GBpwaong nou oxerileral ye Tn dicioduon XAwWPIOVTWV
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=xnua I.28. Avanapdaoraon Tng Xpovika eEaptwuevng diapéoou (o€ 0poucg PGD) TwV KAUNUA®V HE
noAuwvupo 2°¥ BaBuou yia Tnv nepinTwaon Twv PIkpwv (LS;), HETPIwV (LS;), ekTevav (LS3) BAaBwv
Kal yia oAIkn katappeuon (LS,), yia éva Tuniko xapnAou Uwoug nAaioiako kTipio O/ eni eUKkaunTOU
OUOTNHATOC BePENiWaONG, yia To gevapio TnG d1aBPwWoNG Nou oxeTI(eTal Pe TN dIEicdUan XAWPIOVTWV

1.7 SupnepaocHara

O1 KATAOTPENTIKEG CUVENEIEC TWV KATOAIOOAOEWY nou npokaAoUvTadl and oeiouo O KTipia
Kal unodopEG aAAd kal os avBpwniveg {weg, kKabioToUV EMITAKTIKA TNV avdaykn avanTtugng
VEWV MEBOdWV Kal MNPAKTIKWV Yid TNV anoTEAECNATIKA anoTignon kal Meiwon Tng
dlakivdlveuonG. QoToO00, N MOOOoTIKA eKkTipnon Tng diakivduveuong Twv d1apopwyv TUNWV
KaToAloBnoswv eunepiExel NARBoc aBeBaloThTwv nou napepnodifouv ToV AVTIKEIUEVIKO
npoodiopioyo TnG. 'Evag npwTapXIikOC napdayovrac aBeBfaidoTntag OuvOEETAl HE TNV
anoTignon Tng TpWTOTNTAC TWV KATAOKEUWYV MOU UMNOKEIVTAl oTov KivOuvo kaToAioBnong
AOYW TNG QUVAMIKNG Kal noAudiaoTatng euUoNnG TNG aAAd Kal TNG YEVIKOTEPNG EAAEIYNCG
a&I6NIOTWV OTATIOTIKWV OTOIXEIwV BAABWV Ot KTipla Kal UMNOJOHEG AOYw Twv dlapopwv
MNXaviouwv kaTtoAiobnonc. € auto To NAQiclo, £va €K TV BACIKwV €NITEUYHATWV TNG
OUYKEKPINEVNCG OI0AKTOPIKAC OIaTPIBAC, AMOTEAEI N NPOTAON MIAG KAIVOTOMOU avAAUTIKNG
peBodoloyiag yia TNV anoTignon TnG TpwTOTNTAG KTIPiwV OMNAIOUEVOU OKUPOOEPATOC

nAnoiov O€IONIKWG aoTabwv npavwv. H aoniotia Tou apiBunTikoU MNpoCOHOIMPATOG
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eniBeBaiwBbnke PHEow TNG oUYKPIONG TWV PETAKIVIIOEWV OTNV MEPIOXN TOU MNpavouc, mnou
€€nxbnoav anod TIC apiBunTIKEC avaAUOEIC ME TIC AVTIOTOIXEC METAKIVAOEIC MOU
unoAoyioTnkav anod ePneipikeG NEBOOOUC EKTIUNONG TwWV HETAKIVAOEWV TUnou Newmark.
>T0 nAdiolo TnG d1aTpIBAC, NpPoTEivovVTaAl KAWNUAEC TpwTOTNTAG Yia d1APopouc TUMNOUG
KATAOKEUNG, €0A(MIKEC OUVONKEC Kal YEWMETPIEC npavoUc KaBwC Kdl anooTAoelG TNnG
BewpOUNEVNG KATAOKEUNG ano Tnv moavr KatoAiobnon YEow MIAg ekTeEVOUG NAPANETPIKAG
dlepelivnong, Ol onoiec unopouUv va Bpouv Aueon spapuoyn o€ €va nibavoTikd nAaioio
EKTIMNONG TNG dlakivduveuonc AOyw Twv KaToAloBroswv. H aglonioTia TnNG NpoTEIVOUEVNG
pneBodoAoyiag enaAnBeUTnke PEOW TNG OUYKPIONG TWV AVANTUOOOMEVWV KAPNUA®WV WE
OXETIKEC KaunuUAec Tncg PBiBAloypagiag kair dedopéva and PBAABeg ot KTipia AOYyw
KaToAloONTIKWV @aivopévwy oTnv EAAGda kai Tnv ItaAia. TEAog, onuavTikn €ival n
OUMBOAR TNG dI0AKTOPIKNAG dIaTPIRNG O0TN MEAETN TOU XpOvou wC BACIKAG OUVIOTWOAG TNG
TPWTOTNTAC TWV KATAOKEUWV. ZUYKEKPIYEVA, N MNPOTEIVOUEVN TMPOOCEYYION ENEKTABNKE
WoTe va AdBel unown TnNG TNV £EEAIEN TNC TPWTOTNTAC TWV KATAOKEUWV OTO XPOVO,
MPOTEIVOVTAC XPOVIKA €EAPTWHEVEG KAWMNUAEG Kal enPAVEIEC TPpwTOTNTAC Yia KTipla

ONMAIOMEVOU OKUPODJENATOC NOU EKTIOEVTAI O KATOAIOONOEIC NPOKAAOUNEVWY Ao OEICHO.
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