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Abstract

The seismic assessment of reinforced concrete (RC) structures is commonly carried out ne-
glecting potential previous damage induced by other phenomena, for example those related to
the actions of slow-moving settlements. Many efforts are dedicated by the research communi-
ty in properly considering multi-hazard actions and their inter-relations on the structure, in-
stead of a reductionist approach, to be included in the numerical models adopted for the
assessment of the seismic vulnerability. Such a consequences are increasingly becoming an
important issue in the structural assessment, since several structures have an age close to, or
higher than their design life. In this work a typological 3D case study RC building, including
also infills, is created according to gravity loads design. The seismic assessment of the build-
ing structural elements, caused by the design seismic action, is initially shown. Then, the
seismic assessment is repeated, considering as point zero of the analysis the “damaged”
building as consequence of known slow-moving settlements. Finally, an interesting compari-
son in terms of fragility curves is proposed between the safety condition of the building ex-
pected in both cases, with or without the consideration of the precedent induced
displacements.
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1 INTRODUCTION

The seismic assessment of reinforced concrete (RC) structures is commonly carried out
neglecting potential previous damage induced by other phenomena, for example those related
to the actions of slow-moving settlements. In general, different forms of hazard can affect
structures throughout their existence, generally not occurring simultaneously, but spaced over
the years. This is a scenario that may very likely occur, for example, in Italy, that is one of the
countries worldwide most affected by landslides, also known for being a territory character-
ized by high seismicity. Many efforts are dedicated by the research community in properly
considering multi-hazard actions and their inter-relations on the structure, instead of a reduc-
tionist approach, to be included in the numerical models adopted for the assessment of the
seismic vulnerability. Such a consequences are increasingly becoming an important issue in
the structural assessment, since several structures have an age close to, or higher than their
design life. The previous damage that can affect the RC structures at the moment of the seis-
mic assessment can be related to different hazards. At this regard, there are some applications
that evaluates the structural damage in existing RC structures as consequence of displace-
ments induced by different hazards, such as landslides [1,2] and subsidence [3-5]. Instead, the
research on the seismic assessment procedures for existing RC buildings affected by slow-
moving landslides or different hazard sources-induced displacements is very limited.
Fotopoulou et al., 2015 [6] assessed the vulnerability of RC buildings subjected to seismically
induced slope displacements with an analytical approach. Instead, Negulescu et al., 2010 [7].
proposed fragility curves for masonry structures subjected to permanent ground displacements
and earthquakes. Then, Miano et al., 2022 [8] proposed fragility curves for different classes of
existing RC buildings under ground differential settlements. Finally, Mele et al. [9] studied
the combined risk landslide-earthquake for a case study building.

With respect to the seismic fragility curves evaluation, it is possible to make a distinction
based on the type of data used for deriving them, into four categories [10]; namely, analytic
(e.g., [8,11]), empirical (e.g., [12-14]), based on expert opinion, and hybrid (e.g., [15]). In this
work, a specific focus is done on the analytical approach in order to study the effect of the
previous damage condition on the fragility estimation.

In particular, a typological 3D case study RC building, including also infills, is created ac-
cording to gravity loads design. The seismic assessment of the building structural elements,
caused by the design seismic action, is initially shown. Then, the seismic assessment is re-
peated, considering as point zero of the analysis the “damaged” building as consequence of
known slow-moving settlements. The non linear dynamic analysis known as Cloud is imple-
mented herein on the equivalent SDOF system coming from the pushover analysis. Finally, an
interesting comparison in terms of fragility curves is proposed between the safety condition of
the building expected in both cases, with or without the consideration of the precedent in-
duced displacements.

2 METHODOLOGY

2.1 Fragility analysis framework

The first point of the methodology is to derive the equivalent SDOF and to mark the dam-
age states on the pushover curve. Consider the equivalent SDOF system that is derived based
on the static pushover analysis on the MDOF structure, given the assigned load patterns (see
[16,17]). The damage states are defined at the MDOF level as reported in Section 2.2.
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In this study the onset of a given damage state is quantified by employing a system-level
damage measure defined for a prescribed damage state as the critical demand to capacity ratio
(DCRuys) for the component that takes the structure closest to the onset of the damage state
[19]. In other words, DCRLs is expressed in a fully deformation-based manner as the maxi-
mum of DCRys values for all the structural elements expressed as the ratio of chord rota-
tion/displacement demand to chord rotation/displacement capacity for that damage state. The
concept of demand to capacity ratio can also be extended to the equivalent EPP system at the
SDOF level in a straight-forward manner as the ratio of the displacement demand for the
equivalent SDOF system and the displacement at the onset of damage state that is mapped to
the SDOF level.

With regards to seismic assessment and retrofit fragility analysis, Cloud Analysis is used
[18-20]. Cloud Analysis is employed herein for the equivalent single-degree-of-freedom EPP
system [21]. Once the ground motion records are applied to the structure, the critical demand
over capacity ratio for the selected limit state (DCRys) is found. This provides a set of values
that form the basis for the cloud-method calculations. The statistical properties of the cloud
response are calculated through a logarithmic linear regression applied to the response. This is
equivalent to fitting a power-law curve to the cloud response in the original (arithmetic) scale.
This results in a curve that finds the median drift demand for a given level of acceleration:

UDCR\Sa (Sa) =a ,Sab
ln(UDCRLS’a (Sa)) = In(a) + b- In(Sa) (1)

where In(a) and b are regression constants. The logarithmic standard deviation Bpcrisa 1S
the root mean sum of the square of the residuals with respect to the regression prediction:

B \/ > (In(DCR) - In(a-S, *))*
- N-2 (2)

where DCR; and Sa;; are the demand over capacity ratio values and the corresponding S,
for record number i within the cloud response set and N is total number of records. The stand-
ard deviation of regression, as introduced in the preceding equation, is presumed to be con-
stant with respect to S, over the range of S, in the cloud. Finally, the structural fragility curves
based on the Cloud Analysis can be expressed as:

ﬂDCR\Sa

P(DCR>1|S,)=P(InDCR>0S,) =
- _lnnDCR\Sa —® 1n’7DCR\S“ (3)
ﬂDCR|SH ﬁDCR\Sa

2.2 Damage states definition

The definition of global Damage States, DS, adopted in present study is pursuant to classi-
fication proposed by the European Macroseismic Scale (Grunthal, 1998 [22]) at building level,
where an in-depth qualitative and quantitative representation of damage suffered by the dif-
ferent components is reported by increasing its severity. Given the mechanical basis of the
procedure, this representation is herein referred to engineering demand parameters (i.e., inter-
storey drift ratio, axial displacement) properly chosen to characterize the onset of damage pat-
terns depicted by EMS-98 damage classification on single component.

This association is made taking advantage of the phenomenological analysis present in the
literature (Cardone and Perrone, 2015 [23]; Del Gaudio et al., 2019 [24]), where the authors
quantify the thresholds and its uncertainties corresponding to given EMS-98 damage stated,
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by means of a throughout analysis of all the experimental campaign texts available at that
time. This is the case of damage classification made for infill panels, where the axial dis-
placement capacity is set with reference to its response curve, i.e. set coinciding with prede-
termined percentages (0.3 for DS1, 1.0 for DS2, 2.5 for DS3 according to Cardone and
Perrone, 2015 [23]) of the displacement where the infill attains the peak resistance. The
thresholds assumed herein for infill panels result also in good agreement with those statistical-
ly obtained in (Del Gaudio et al., 2019 [24]) by analyzing over than 200 experimental texts on
infilled reinforced concrete frames. It has to be noted that according to EMS classification, the
failure of individual infill panels is achieved for a DS3, thereafter damage analysis is con-
trolled by the structural elements. Moreover, damage states analysis for structural elements
(columns and beams) is considered herein only with reference to flexural behaviour.

Thus, the IDR capacity for RC columns expected to fail in flexure is established according
to the assumptions reported in (Del Gaudio et al., 2017 [25] and Del Gaudio et al., 2018 [26]):
DS1 (Fine cracks in plaster over frame members) can be set at the onset of the first visible
cracks; in other words, it can be referred to the first attainment of the cracking moment at the
element end section. DS2 (Cracks in columns and beams of frames) can be associated with
the widening of flexural cracks that occurs when longitudinal reinforcement yields, thus to the
first attainment of the yielding moment element. DS3 (Cracks in columns and beam column
Jjoints of frames at the base and at joints of coupled walls. Spalling of concrete cover, buck-
ling of reinforced rods.) can be associated with the attainment of peak strength in nonlinear
response curve of the element. DS4 (Large cracks in structural elements with compression
failure of concrete and fracture of rebars; bond failure of beam reinforced bars) can be as-
sumed to correspond to the first stage of post-peak degrading branch of nonlinear response
curve of elements, or in other words to that displacement where response losses 20% of its
peak strength. DS5 (Collapse of ground floor or parts of buildings) is set at the attainment of
the IDR corresponding to the zero resistance point of the backbone curve of element.

In order to potentially consider the flexural-shear interaction in the response, a pre-
classification, to determine their expected failure mode through the comparison between the
flexural plastic shear and the shear strength, can be implemented. Hence, each element can be
classified as flexure, shear or flexure-shear as a function of the ratio between flexural shear
and shear strength. In this case, the IDR capacity for RC columns expected to fail in shear or
flexure-shear differs from the flexure type only for most severe damage states: DS4 can be set
at the onset of Shear failure displacement according to the study by Aslani and Miranda, 2005
[27]. Then, also DS5 can be set at the onset of the loss of vertical load carrying capacity (Axi-
al Failure), which is also provided by Aslani and Miranda, 2005 [27].

3 APPLICATION

3.1 Case study building

The building considered in this study shares the same typical architectural layout already
used for code-conforming buildings in Di Domenico et al., 2022 [28] and De Risi et al., 2022
[29]. The considered Prototype Building is supposed to been designed in 1970s, constituted
by 3 storeys with a rectangular plan, which global dimensions are equal to 20.80 m and 11.80
m, respectively. The plan layout consists of a grid of five spans along the longitudinal axis X
and three spans along the transverse axis Y, where X and Y are the directions parallel to the
two orthogonal layout of walls of the structure. A top view of the structural model, that will
be described in Section 3.2, is shown in Figure 1.
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Figure 1: Top view of the structural model.

The building structural characteristics are obtained following a simulated design procedure
based on design code prescriptions, professional practices and seismic classification of the
area of interest at the time of construction, according to (Verderame et al., 2010 [30]). Dead
loads are evaluated from a load analysis, whereas live loads are evaluated from past code pre-
scriptions for ordinary structures. Element dimensions are calculated according to the allowa-
ble stresses method; the design value for maximum concrete compressive stress is assumed
equal to 5.0 and 7.5 MPa for axial load and axial load combined with bending respectively.
Column dimensions are calculated according only to the axial load, beam dimensions are de-
termined from bending due to loads from slabs. Column reinforcement is designed according
to minimum longitudinal reinforcement geometric ratio prescribed by code for gravity load
designed buildings.

3.2 Modeling approach

A finite element model (FEM) structural model of the building has been created (Figure 1),
where beams and columns have been modelled as mono-dimensional elements, as well as the
infills, for which an equivalent strut model has been considered according to Al-Chaar, 2002
[31] and Fardis, 2009 [32]. The columns at the base have been assumed to be fixed.

A concentrated plasticity model has been considered for the RC elements (see Figure 2a,b),
considering the non-linear flexural behavior at the ends. In particular, the non-linear behavior
of each RC column is characterized by a tri-linear envelope, with cracking and yielding as
characteristic points. Behavior is linear elastic up to cracking and perfectly-plastic after yield-
ing. Moment at yielding (My) is calculated in closed form by means of the first principles-
based simplified formulations proposed in Biskinis and Fardis, 2010 a-b [33,34].

Lateral force—displacement relationships for infill panels are evaluated according to the
model proposed by Panagiotakos and Fardis, 1996 [35] (see Figure 2c¢) and applied in the
middle of the equivalent strut.

!\

Lateral force

Moment
Moment

Rotation Displacement

Rotation
(a) (b) (c)

Figure 2: Schematization of the non-linear behavior of (a) columns, (b) beams, and (c) infills.
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3.3 Results

In this work, a pattern of differential vertical settlements has been imposed at the base of
the columns in the structural model to analyze their effects on the RC building’ response, to
seismic action.

It is supposed the existence of a deformation pattern increasing from one side of the build-
ing to the opposite one, along its Y side (see Figure 1). This deformation condition can repre-
sent, for example, a subsidence phenomenon [5]. However, the identification of the causes of
the displacements is not a goal of this work.

In the first year, the settlements at the two end columns are pmin and pmax, equal to 1 mm
and 4 mm respectively, for a differential settlement Ap of 3 mm. It is hypothesized an increase
of 1 mm per year, for a total period of 50 years. The 50 settlement profiles are illustrated in
Figure 3.

[
Ln

-100 |

Settlements [mm]

Year N

—8— Year 19

-150 |

—— Year 39

-200! : - :
0 3.75 7.05 11.45

L, [m]
Figure 3: Displacement patterns applied in Y direction for N years (where N ranges between 1 and 50).

Initially, pushover analyses in the two directions parallel to the building sides are carried
out according to the Italian code ([17], [36]), by subjecting the structure to a monotonically
increasing pattern of lateral forces, starting from the gravity-loads-deformed structure. The
pushover analysis that gives the most significative demand on the structure is those with the
distribution of forces proportional to the masses, in the Y direction (MassY+). For brevity,
only the results of this analysis will be shown in the following. The pushover analysis results
for the case of seismic action applied on the gravity loads deformed structure are shown in
Figure 4, where the pushover curve referred to the multi-degree of freedom (MDOF) model
(continuous black line), the capacity curve referred to the equivalent single-degree of freedom
(SDOF) (black dashed line), and the equivalent bilinear curve referred to the SDOF (dash-dot
gray line) are represented. The capacity curve of the equivalent SDOF system is obtained by
dividing the pushover curve by the modal participation factor I'. The bilinearization of the
capacity curve is carried out as indicated in the Italian code ([17], [36]).

The d*-F* couples corresponding to the reaching of the five DS are represented with col-
ored circular markers (green for DS1, yellow for DS2, red for DS3, blue fort D4, and magenta
for DS5). At every year, a non-linear incremental analysis has been implemented, considering
the earthquake action applied to the model, starting from its configuration deformed as a con-
sequence of the applied settlements. The analyses are repeated for 50 years, with the base dis-
placements’ amplitude scaled up as previously described.

For each analysis, the structural assessments for the RC elements and the infills have been
conducted, and the increase in demand has been analysed according to the DSs described in
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Section 2.2, to understand which displacement profile induced for the first time a particular
DS for at least one element of the structure.

The settlement configurations inducing for the first time the DS1 and the DS2 are repre-
sented in Figure 3 with a blue and a red line, respectively. For brevity, the pushover analysis
results are shown only for these two analyses, in Figure 4b and Figure 4c, for DS1 and DS2,
respectively. In particular, DS1 is attained at the 19" year, that means pmin and pmax, equal to
19 mm and 76 mm respectively, for a differential settlement Ap of 57 mm. DS2, instead, is
attained at the 39" year, that means pmin and pmax, equal to 39 mm and 156 mm respectively,
for a differential settlement Ap of 177 mm. The subsidence action induces stresses and strains
in the structural elements, so the seismic action is applied on an already solicited model.

Mass Y+ Mass Y+

PUSHOVER CURVE f PUSHOVER CURVE |
1000 | == = CAPACITY CURVE 1000 — = CAPACITY CURVE
BILINEAR | BILINEAR
@ os1 @ os1
O | O
500 ® o5 5 500 ® o
® Ds4 ® o034
| @ os5 L @ os§
D i i i L 1 06 i i 1
0 0.1 0.2 0.3 04 0.5 0 0.1 0.2 0.3 0.4 0.5
d*[m] d*[m]
(a) (b)
I, 55 +
3000 Mass Y+
2500
2000 |
=
21500
¥
— —
[ PUSHOVER CURVE
1000 | == = CAPACITY CURVE
| BILINEAR
| 9 D51
500 | @ o
| ® Dsé
| @ oss
0C + : L +
0 0.1 0.2 0.3 04 0.5
d*[m]
(c)

Figure 4: Pushover curves for cases (a) Mass Y+ case, (b) Mass Y+ at year 19 (c) Mass Y+ at year 39.

As mentioned in the methodological section, Cloud Analysis, which consists of a series of
non-linear time history analyses considering a large database of unscaled ground-motion rec-
ords, is then applied. For this application, the SIMBAD database (Selected Input Motions for
displacement-Based Assessment and Design, Smerzini et al., 2014 [37]) is adopted. SIMBAD
includes 467 tri-axial accelerograms, generated by 130 worldwide seismic events (shallow
crustal earthquakes with magnitudes from 5 to 7.3 and epicentral distances up to 35 km). As
in Rossetto et al., 2016 [38] and Gentile et al., 2019 [39], a subset of 150 records is consid-
ered by first ranking the 467 records in terms of their PGA values (by using the geometric
mean of the two horizontal components) and then keeping the component with the largest
PGA value (for the 150 stations with highest mean PGA).
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Figure 5(a,b,c) demonstrate the results of the Cloud Analysis for the five damage states in
the logarithmic scale. The set of 150 records, previously described, is applied to the nominal
structural model values and the resulting Cloud data pairs containing DCRs and the intensity
measure /M=S,(T) are estimated for DS1, DS2, DS3, DS4, DS5. For reason of space, the re-
sults are shown only for DS3. Figure 5a represents the case in which the earthquake is applied
on the gravity loads deformed structure (called Earthquake in Figure 5). Figure 5b, instead,
represents the case in which the earthquake is applied on the gravity loads and settlements
caused DS1 deformed structure (called DS1+Earthquake in Figure 5). Finally, Figure 5c rep-
resents the case in which the earthquake is applied on the gravity loads and settlements caused
DS2 deformed structure (called DS2+Earthquake in Figure 5). The data pairs are plotted as
yellow circles. The figures show in continue blue line the linear regression fitted in the loga-
rithmic scale to the data. The Cloud Analysis-based model parameters are shown in Figure 5
(a, b and fmpcr=1, see equations 1 and 2). The median /M at the onset of the damage state,
nmpcr=1 (1.e., the median of the fragility) can be obtained by finding the intensity value cor-
responding to unity from the regression line (as shown in Figure 5).

; DCR - IM (DS3) DCR - IM (DS3)
10 T i T T
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Figure 5: Cloud Analysis: (a) Earthquake, (b) DS1+Earthquake, (¢) DS2+Earthquake.
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Figure 6(a,b,c) show the Cloud Analysis-based fragility curves (based on Equation 3), ob-
tained by employing the 150 records for the five damage states considered in this work. The
Cloud Analysis-based Fragility curves are shown with the following colours: i) green for DS1;
i) yellow for DS2; iii) red for DS3; iv) blue for DS4; v) black for DS5. In Figure 6a, the
curves are related to the case in which the earthquake is applied on the gravity loads de-
formed structure. Figure 6b, instead, represents the case in which the earthquake is applied on
the gravity loads and settlements caused DS1 deformed structure (the relative fragility curves
are added in the plot with dashed lines). Finally, Figure 6¢ represents the case in which the
earthquake is applied on the gravity loads and settlements caused DS2 deformed structure (the
relative fragility curves are added in the plot with dot-dashed lines).
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Figure 6: Fragility curves: (a) Earthquake, (b) DS1+Earthquake, (c) DS2+Earthquake.

4 CONCLUSIONS

The seismic assessment of reinforced concrete (RC) structures is commonly carried out
neglecting potential previous damage induced by other phenomena, for example those related
to the actions of slow-moving settlements. In this work, a typological 3D case study RC
building, including also infills, is created according to gravity loads design. The seismic
assessment of the building structural elements, caused by the design seismic action, is initially
shown. Then, the seismic assessment is repeated, considering as point zero of the analysis the
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“damaged” building as consequence of known slow-moving settlements. The non linear
dynamic analysis known as Cloud is implemented herein on the equivalent SDOF system
coming from the pushover analysis. Finally, an interesting comparison in terms of fragility
curves is proposed between the safety condition of the building expected in both cases, with
or without the consideration of the precedent induced displacements. The comparison of the
results between the seismic assessment of the building expected in both cases, with or without
the consideration of the precedent induced settlements, show the importance of this multi-
hazard evaluation.
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