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Abstract. Differential settlements during earthquake ground shaking at the base of framed
buildings located on the crest of slopes can produce heavy damage. This reflects the importance
of considering ground shaking and co-seismic vertical displacements as interacting hazards in
seismic fragility assessment. Slow-moving landslides are indeed secondary hazards of earth-
quakes that can induce significant damage accumulation, increasing the seismic vulnerability
of structures. This paper presents the main findings of a seismic fragility analysis that was
carried out on RC framed structures representative of low-rise, pre-code, residential Italian
buildings. The methodology behind this study made use of fibre-based structural models and
sequential nonlinear static analysis, which allowed the simulation of structural response to
both earthquake ground motion and differential settlements with acceptable computational
cost. Based on multivariate regression models available in the literature and random sampling
of structures, seismically-induced settlements at the base of each structure were simulated con-
sidering multiple intensity measures (IMs) of seismic ground shaking. The correlation between
the selected IMs was derived through a recent database of 250 accelerograms, which allow a
wide representation of seismic hazard in the whole Italian territory for seismic risk assessment.
The buildings were analysed with OpenSees software, assuming four performance limit states
for characterization of seismic fragility at multiple levels of structural damage. The comparison
between fragility curves associated with earthquake ground shaking only and those derived
considering differential settlements allows the impact of cumulative damage to be evaluated.
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1 INTRODUCTION

Post-earthquake reconnaissance missions have shown that earthquakes often produce slope
instability, resulting in landslides that can exacerbate seismic damage to buildings and infra-
structure and hence both life and economic losses. Buildings located on the crest of slopes can
experience co-seismic displacements associated with slow-moving earthquake-induced land-
slides. This suggests considering the interaction between earthquake ground shaking and such
landslides in seismic risk assessment of buildings. In this context, the development of probabil-
istic methodologies allows engineers, decision makers and stakeholders to carry out a multi-
hazard risk analysis accounting for different sources of uncertainty in shaking and landslide
hazards, vulnerability, and exposure.

In recent years, research developments in this field have been made, particularly in the case
of reinforced concrete (RC) buildings but usually neglecting the uncertainties on their geometry
and material properties that play a role in performance-based seismic assessment of existing
structures. Foutopoulou and Pitilakis [1-3] studied the vulnerability of buildings to earthquake-
induced landslides, making use of three-dimensional finite element (FE) modeling and nonlin-
ear time history analysis of both the slope and building. Nonetheless, that computational strat-
egy can be too computationally demanding for seismic vulnerability assessment of building
classes that are spatially distributed within a region.

In this study, a computationally efficient method for probabilistic vulnerability assessment
of RC buildings subjected to earthquake-induced landslide hazard is presented. The proposed
methodology builds upon a recent selection of strong ground motions oriented towards large-
scale risk assessment of buildings, which allows incorporating correlation between different
intensity measures (IMs) used for earthquake ground shaking and slow-moving landslides.

2 METHODOLOGY

The vulnerability assessment described in this paper is based on a probabilistic procedure
that allows modelling and propagation of uncertainties through fragility analysis, which is a
well-established method in earthquake engineering [4]. After that a class of buildings with RC
frame structure was selected, the correlation between two IMs used to describe the intensity of
earthquake ground shaking and slow-moving landslide was investigated. In this respect, the
selected IMs were the peak ground acceleration (PGA) and peak ground velocity (PGV), the
correlation of which was investigated via 250 accelerograms that were recently selected in the
ReLUIS-DPC 2019-2021 research project. The accelerograms were characterized by a wide
amplitude range reflecting design spectra for L'Aquila, Italy (with return period ranging from
50 to 10,000 years), which was found to give a good representation of seismic hazard over the
entire Italian territory [5]. Each accelerogram was characterized by a (PGA, PGV) pair, so the
correlation between those IMs was studied over a set of 250 data points. More specifically,
PGA and PGV were selected to measure the intensity of shaking and landslide, respectively.

After that seismic input was defined, the authors modelled the uncertainties in structural
properties of the selected buildings, creating the basis for random generation of structural mod-
els. Random sampling was based on Monte Carlo simulation, which was fully implemented in
MATLAB [6]. The structural capacity of RC buildings was defined through a fibre-based FE
modelling approach using OpenSees software [7]. The seismic performance assessment of each
random model of the RC structure was carried out by means of a sequence of nonlinear static
analyses, in which the structural system was first subjected to incremental vertical differential
settlement associated with the landslide, and subsequently to incremental horizontal displace-
ment associated with earthquake ground shaking. Hence, the sequential nonlinear static analysis
consisted of a nonlinear static analysis under incremental vertical settlement and a pushover
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analysis of the structure. The range of settlements impressed to the structure was based on the
study by Foutopolou and Pitilakis [8], who proposed a predictive model that allows the predic-
tion of peak co-seismic displacement based on the slope’s characteristics and seismic input IMs.
This allowed seismic displacement demand associated with slow-moving landslide to be pre-
dicted. Seismic displacement demand associated with ground shaking was evaluated according
to the N2 method [9]. Seismic fragility of the selected buildings was evaluated with respect to
four performance limit states corresponding to increasing damage levels. Each fragility point
was derived under increasing PGA, allowing subsequent fitting of lognormal probability distri-
bution to fragility data for development of fragility curves.
In the following sections, the methodology used in this study is described in detail.

2.1 Selection of buildings

The building class under study is that of low-rise residential buildings with RC frame struc-
ture built in Italy. The uncertainty modelling of those buildings involved consideration of both
geometric and material properties. The case-study buildings had two storeys and rectangular
plan, with frame systems consisting of 2 spans parallel to the slope crest and 3, 5, or 7 spans in
the perpendicular direction. Beams were assumed to have the same span length in each longi-
tudinal and transverse frame of the structure.

Figure 1: Case-study building with geometric random properties.

The mechanical properties of materials were identified by grouping the buildings by con-
struction time according to the evolution of Italian codes. Both buildings built before 1971 (i.e.,
the year that marked the transition from design to gravity loads only to design for earthquake
resistance) and those built between 1971 and 2008 in non-seismic areas according to past seis-
mic zoning of Italy, were considered as pre-code. Low-code buildings were assumed to be those
built in seismic areas between 1915 and 2008 according to old seismic design criteria (first-
generation earthquake-resistant buildings). Medium-code and high-code buildings are those
built after 2008, the former designed in low ductility class (second-generation earthquake-re-
sistant buildings) and the latter in a high ductility class (third-generation earthquake-resistant
buildings).

This study investigated the fragility of pre-code RC buildings built before 1971, assuming
the following material properties: concrete with compressive strength having a mean value
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fem = 16.0 MPa and coefficient of variation CoV = 31% [10]; and reinforcing steel with yield
strength having a mean value fym = 369 MPa and CoV =20% [11].
2.2 Simulated design of structures

The design of the structural elements was carried out using the design methods used at the
time of construction [12,13] and the Italian code in force in the same period [14] (Table 1).

Item Variable Value

b

h %2} Derived by simulated design
Columns

hi [m] 3.00

C [mm] 30

b [m] . . .

h [m] Derived by simulated design
B

T imy [4, 6]
C [mm] 30

Table 1: Geometric properties.

The selected buildings were designed against gravity loads only according to the permissible
stress method, which was based on the assumption of permissible stresses, linear elastic behav-
iour of materials, and effects superposition. Table 2 outlines the properties adopted for sizing
of beams and columns.

Item Property Value
Rek 160 kg/cm?
Concrete c,adm,c 45 kg/cm?
Oc,adm,b 50 kg/sz
Steel ofadm 1400 kg/cm?
Ac,min 3OOX3OOInnf
At 0.8% Amin
B 300 mm
-,
As tVMb
Beams r 0.446
t
0.00174
/\tnﬁn 412
Stirrups 06 @ min(Lmin/2; 10Dmin)

Table 2: Parameters for simulated design of beams and columns.

2.3 Definition of performance limit states

The displacement approach used for vulnerability assessment suggests defining the perfor-
mance limit states (LS) in relation to the strain capacity of the elements considered. According
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to the literature [3,12], the strain thresholds listed in Table 3 were assumed in terms of maxi-
mum strains of steel (&s) and concrete (ec) as a function of the construction period. This defini-
tion of limit states is in line with the fibre-based FE modelling of the structure, which allows
axial strain in materials to be monitored during structural analysis.

Limit State Analytical definition

LS1 Ect,max— Ectp

LS2 esmax= 0.0125; &ce,max= 0.0045
LS3 esmax= 0.025; &ccmax= 0.006
LS4 &smax— 0.045

Table 3: Definition of limit states.

LS1 was associated with slight damage and was assumed to be attained when the maximum
tensile strain in concrete &tmax reached the cracking strain &tp. LS2 was associated with mod-
erate damage and was assumed to be attained when either the maximum tensile strain in steel
&max reached 0.0125 or the maximum compressive strain in concrete &cmax reached 0.0045.
Similar criteria were adopted for LS3 and LS4, which were respectively associated with severe
damage and near collapse. In detail, LS3 was assumed to be attained when either & max reached
0.025 or &cmax reached 0.006. The collapse limit state, i.e. LS4, was assumed to be attained
when & max reached 0.045.

3 DISPLACEMENT DEMAND DUE TO EARTHQUAKE-INDUCED LANDSLIDE

As briefly discussed in Sect. 2, 250 accelerograms compatible with design spectra for L'Aqg-
uila, Italy (with return period ranging from 50 to 10,000 years), were selected to cover a very
wide range of shaking intensities and to allow risk assessment at any site of Italy. Figure 3
shows a bi-logarithmic scatter plot of PGA and PGV for selected ground motions.

—— bestfit A2 =0.799 o
=== best fit Loy =879 cmifs i

10E -

PGV [cmys]

101_

1 E;" 1 :r1°
PGA 1]

Figure 2: Correlation between PGV and PGA of selected accelerograms.

A regression analysis was performed using the power function as model, which on the bi-log-
arithmic plane is represented by a straight line. Based on the (PGA, PGV) pairs of the selected
accelerograms, the following equation was obtained:

PGV = 121.3PGAX%%7 (1)
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with a coefficient of determination R? = 0.799 and standard deviation opcv = 8.79 cm/s. Such a
regression model allows the random generation of PGV conditioned upon PGA as expected
conditional value of PGA plus a sample of the model error, the latter being assumed as lognor-
mal random variable with zero mean and standard deviation equal to opcv. Figure 4 shows the
distribution of PGV given PGA = 0.25g.

0.05
PGA=025g

Mecaarca = 26,21 cmis

0.04 Orowprs = B.79 cmis

003 4
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0.02 4

0.01

0.00 L . . : i
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Figure 3: Probability distribution of conditional PGV given PGA = 0.25g.

In order to evaluate the permanent displacement D induced by the earthquake, the study
conducted by Fotopoulou and Pitilakis [5] was taken into account. Those researchers developed
5 different predictive models based on single or multiple IMs. In this study, the following pre-
dictive model was used:

In (D) = —8.360 + 1.873In (PGV) — 0.347In (k,/PGA) — 5.964k,, + 0.64¢ )

which allows the prediction of D given PGA, PGV and ky, assuming ky as yield acceleration
coefficient of the slope, € is the standard normally distributed variable with zero mean and unit
standard deviation and 0.64 is the logarithmic standard deviation.

To take into account the different configurations of the slope, reference was made to the
yield acceleration coefficient ky that summarizes the effects of both geometric and mechanical
characteristics of the slope, the relative location of the building with respect to the slope, and
the effects of gravity loads transmitted from the building to the slope.

To cover the majority of cases, 5 values of the parameter ky were considered, namely, 0.05g,
0.10g, 0.15g, 0.20g, and 0.25g. For each ky-value, 10 levels of PGA between 0 and 1.0g were
considered, resulting in 50 combinations. For each value of ky and PGA, 10* samples of the
building class were randomly generated through Monte Carlo method in order to obtain a sam-
ple that is representative of the existing buildings.

4 SEQUENTIAL STRUCTURAL ANALYSIS

The analysis was conducted using the OpenSees opensource software [7]. OpenSees allows
users to simulate the response of structural and geotechnical systems subjected to seismic input
and/or other types of actions. The construction of a finite element model and subsequent anal-
ysis must be implemented in OpenSees through a code in TCL or with more recent versions in
Python. For this reason, OpenSees is well suited for applications in the research field, especially
when using parametric models for the evaluation of building classes.

Once the geometric, mechanical and load models were defined, the analysis procedure con-
sisted in the application of gravity loads through a first analysis step with force control.
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Afterwards, a modal analysis was carried out to identify the first-mode shape to define the cor-
responding profile of horizontal seismic actions.

The second analysis stage consisted in the application of the settlement at the base of the
columns subjected to the landslide. That analysis was carried out with displacement control,
assuming a gradually increasing displacement with step equal to 1 mm. In each analysis step,
the reaction force at the base of the columns affected by the settlement was computed to check
whether columns were compressed. Otherwise, the support at the base nodes was removed in
the subsequent analysis phases.

At this point, a nonlinear incremental static (pushover) analysis was performed with dis-
placement control to assess the structural performance under horizontal seismic actions. The
roof centroid was assumed as a control point and the first-mode shape of the structure was used
to generate the lateral load profile proportional to the product of modal displacements by inertia
masses. Pushover analysis was carried out by increasing the roof displacement by 10 mm until
a peak base shear degradation of 75% was attained.

Structural performance was assessed during each analysis stage, checking whether axial
strains in frame members reached their limit states thresholds outlined in Table 3. In that way,
the capacity in terms of displacement associated with each limit state was evaluated.

Whilst seismic demand in terms of vertical displacement was predicted through the model
into Eq. (2), the seismic demand associated with horizontal ground shaking was estimated ac-
cording to the N2 method [9]. Accordingly, the base shear versus roof displacement curve de-
rived through pushover analysis was transformed into the corresponding capacity curve of an
equivalent single-degree-of-freedom (SDOF) system, allowing the seismic demand assessment by
means of inelastic displacement spectra. The displacement demand was computed for each con-
sidered PGA level and compared to the capacity associated with each limit state, allowing the
authors to assess whether each limit state was exceeded.

5 DEVELOPMENT OF FRAGILITY CURVES

Given a prescribed value of ky, for each PGA level the conditional probability of exceeding
a prescribed limit state was estimated as the ratio of the number of failure cases Nr to the total
number of simulations (i.e., Nsin= 10°). This allowed the computation of counted fragility under
varying PGA. A lognormal probability distribution was then fitted to fragility points to develop
a fragility curve for each limit state. Figure 6 shows the fragility curves corresponding to
ky = 0.15g for all limit states, considering either ground shaking only (dashed lines identified as
EQ in the figure legend) or both the combined effect of seismic ground shaking and co-seismic
settlement due to slow-moving landslide (solid lines identified as EQ + L in the figure legend).
Table 4 outlines the median value of PGA, denoted by PGAso, and dispersion £ corresponding
to each limit state.

LS Ground shaking Ground shaking + landslide
PGAso [g] B PGAso [g] B
LS1 0.0055 0.7535 0.0055 0.7535
LS2 0.1312 0.4327 0.1054 0.4125
LS3 0.1752 0.4292 0.1403 0.4120
LS4 0.7233 0.4051 0.3034 0.4204

Table 4: Median and dispersion of fragility curves.
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P[DM=dm[PGA=pea]

PGA [2]
Figure 4: Fragility curves.

The fragility curves show a high vulnerability of the case-study building class even without
considering the effect of co-seismic settlement. As expected, slight damage (LS1) consisting of
concrete cracking takes place at very low levels of PGA. For the limit state of collapse (LS4),
the co-seismic settlement has a major impact on seismic vulnerability, reducing PGAso from
0.729 to 0.30g. A lower increase in median PGA with decreasing dispersion is found for the
limit states of moderate damage (LS2) and severe damage (LS3).

The horizontal distance between median values of the fragility curves is a measure of the
ductility available in the structure of the case-study buildings. In this respect, the relatively
small distance between the fragility curves corresponding to LS2 and LS3 indicates a rather
limited ductility of pre-code RC buildings.

6 CONCLUSIONS

In the present study, the seismic vulnerability of existing RC buildings subjected to earth-
quake-induced landslides has been assessed. Buildings placed upstream of the slope and there-
fore exposed to the effects of co-seismic settlements were considered. Lumping the geometric
and geotechnical characteristics of the slopes as well as the presence and relative distance of
buildings through the yield acceleration coefficient, 1000 building samples were randomly gen-
erated, based on Monte Carlo method. For each sample, a simulated design was carried out to
determine the dimensions of the member cross-sections and their reinforcement. Each building
model was modelled and analysed in OpenSees by first imposing co-seismic vertical displace-
ments associated with slow-moving landslide and then horizontal displacements associated
with seismic ground shaking. Seismic performance under both earthquake-induced landslide
and horizontal ground shaking was evaluated through nonlinear static analysis with displace-
ment control. For each sample, the displacement capacity corresponding to four limit states was
evaluated and compared to demand, allowing fragility estimation under varying PGA. The
lognormal distribution was fitted to fragility points to develop fragility curves.

The proposed methodology makes it possible to assess the vulnerability of RC frame build-
ings to seismically-induced landslides through a fully mechanics-based approach. This allows
drawbacks of empirical vulnerability assessment methods to be overcome, particularly when
observed damage data on buildings struck by earthquake-induced landslides are lacking. It is
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also emphasised that the proposed methodology based on fibre-based FE modelling and se-
quential nonlinear static analysis has a very low computational cost with respect to nonlinear
time history, allowing a very large number of simulations on 3D building structures. For each
case study (i.e., yield acceleration coefficient), 10,000 analyses on 1000 structural models sub-
jected to 10 levels of seismic intensity were carried out on a personal computer equipped with
8 cores, a 3.6 GHz processor and 32 GB RAM. This allowed 1 analysis per minute, leading to
a total duration of 7 days for the entire fragility analysis to be completed.
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