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A B S T R A C T   

Existing reinforced concrete (RC) buildings can be affected by different actions that can induce permanent or 
transient effects on them. While applications concerning the seismic vulnerability of existing RC buildings have 
been largely proposed in literature, the evaluation of the structural vulnerability because of hazards different 
from earthquake has been less dealt with. The focus of this work is to estimate the probability that the simulated 
RC buildings stock could reach a given Limit State for a certain intensity of imposed monotonically increasing 
ground differential settlements. A set of simulated FEM models, considering the geometrical and mechanical 
uncertainties in the representation of the existing RC frame buildings designed only for gravitational loads, has 
been created. The structural frames differ from each other for geometrical features and mechanical materials 
properties, obtained through a simulation process. The non-linear behavior of columns and beams is considered 
by applying a modeling approach specifically elaborated for RC members with plain bars. A FEM model for each 
simulated structural frame has been developed using the Open Application Programming Interface by using the 
programming and numeric computing platform MATLAB to run the modelling software SAP2000. Time by time, 
by scaling up the amplitude of the imposed base displacements, a non-linear static incremental procedure has 
been implemented. At each step of the analysis, a code-based seismic safety assessment has been carried out with 
reference to a specific ultimate Limit State considered in the Italian and European codes. The goal of the analysis 
has been to find the values of the significative structural response parameters (identified in this work as the 
maximum differential settlement and the deflection ratio) at the onset of the selected Limit State by using the 
critical demand to capacity ratio. Considering that these values are lognormally distributed, the structural 
fragility is then derived, showing how the vulnerability of the considered RC buildings stock is affected by the 
impact of the geometrical features and by the application direction of the differential settlements.   

1. Introduction 

Existing structures can be affected by different hazard sources (e.g., 
monotonically acting, such as the landslides or the subsidence, or cyclic, 
such as the earthquakes) that can induce permanent or transient effects 
on them. With respect to the seismic vulnerability analysis of existing 
reinforced concrete (RC) buildings, many methodologies and applica-
tions have been presented with the scope of defining fragility curves 
based on different modeling strategy and analysis methodology [1–4] 
and under the consideration of the different sources of uncertainties in 
the modeling phase [5–7]. The evaluation of the vulnerability of existing 
RC buildings as consequence of hazards different from earthquake, 
instead, is a poorly approached theme in literature. The focus of this 
work is to evaluate the vulnerability of a selected RC buildings stock 

designed only for gravitational loads, when monotonically increasing 
differential settlements, that may be induced by non-cyclical hazard 
sources – e.g., landslides, subsidence, anthropic causes – are applied at 
the columns basis. 

The literature about the correlation among differential foundation 
settlements and damage assessment is quite variegate, but mainly 
related to empirical relations. Recommendations on allowable settle-
ments, selecting as damage criterion the angular distortion (defined as 
the rotation of the straight line joining two reference points on the 
structure, minus any rigid body tilt of the structure) or the deflection 
ratio (defined as the maximum displacement of the settlement profile 
relative to the straight line connecting two settlement reference points, 
divided by the distance between the two reference points), were pro-
vided from Skempton and MacDonald [8] and Bjerrum [9] mainly for 
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infilled steel and RC frame structures, from Meyerhof [10] for framed 
panels and loadbearing brick walls, from Polshin and Tokar [11] for 
frame structures and continuous load bearing structures. Burland and 
Wroth [12] linked the onset of the visible cracking with a critical tensile 
strain, proposing as engineering demand parameter also the deflection 
ratio. Burland et al. [13] presented a classification of 5 points of visible 
or aesthetic damage to walls, correlated to the maximum expected set-
tlement/angular distortion. Boscardin and Cording [14] included the 
effect of horizontal strain developing in the ground due to settlements, 
and defined damage categories by relating the horizontal strain and the 
angular distortion. Boone [15] proposed a Strain Superposition Method 
to evaluate the building damage by considering ground deformation 
patterns, damage category criteria and strain concept. The described 
engineering demand parameters were used in the following years, 
associating them to damage thresholds for the different structural ty-
pologies. The different limitations about the damage thresholds are 
summarized in Poulos et al. [16], as function of the type of structure and 
the type of damage/concern. Instead, with respect to mechanical ap-
proaches, Finno et al. [17] presented a semi-empirical laminated beam 
method to evaluate potential building damage due to excavation- 
induced ground movements, that avoids the common over-
simplification of the empirical methods, even not to be considerable as a 
detailed finite element analysis. In fact, it is assumed that the floors offer 
restraint to bending deformations, and the walls offer restraint to shear 
deformations. Negulescu and Foerster [18] presented a parametric 
analysis to build analytical fragility curves, which express the proba-
bility of achieving a given damage state of the structure as function of 
the differential displacements. Fotopoulou et al. [19] proposed a nu-
merical methodology for the performance-based vulnerability assess-
ment of typical RC frame buildings subjected to liquefaction-induced 
differential ground displacements, and Gomez-Martinez et al. [20] 
estimated the potential relevance of differential settlements in the 
earthquake-induced liquefaction damage assessment. Moreover, Bao 
et al. [21], examined the influence of differential settlement on the 
seismic performance of a steel moment resisting frame structure through 
a nonlinear time-history analysis followed by IDA and seismic fragility 

analysis. 
In recent years, many applications have investigated the effects of 

ground deformations displacements induced by landslides [22–23] or 
different hazard sources, such as subsidence [24], ground consolidation 
[25], mining activities [26], excavations [27] by using satellite data. 
These hazard sources, inducing quite slow-in-time displacements under 
the existing buildings, can be monitored both through traditional tech-
niques and more innovative remote sensing techniques, exploiting sat-
ellite data [28]. Then, the proposed vulnerability assessment analysis 
can be easily combined with the remote sensing data to perform struc-
tural evaluation for existing RC buildings. For example, Nappo et al. 
[29] developed fragility curves for existing buildings, by investigated 
the empirical correlation between the subsidence, monitored with sat-
ellite data in terms of differential settlements and relative rotations, and 
damage in the buildings. 

The focus of this work is to evaluate the vulnerability of a selected RC 
buildings stock, subdivided as function of the geometrical features 
(number of floors and span length), in order to define the probability of 
reaching a given Limit State (ls) for a certain intensity of the hazard 
maximum differential settlement and deflection ratio. The considered 
buildings stock is designed only for gravitational loads, typically having 
a structural setting consisting in parallel plane frames. A RC infilled 
buildings’ population is simulated, identifying the uncertain parameters 
related to geometrical and mechanical materials properties and final-
izing the structural design of the elements through a simulated design 
procedure. For each case study building, the focus is concentrated on an 
external plane frame. A novelty of the work consists in the creation of 
the FEM model of each simulated case study structural frame, using the 
Open Application Programming Interface (OAPI) by CSI [30], that allows 
the integrated use between the FEM software SAP2000 [30] and the 
programming and numeric computing platform MATLAB [31]. The non- 
linear behavior of the structural RC members is considered by applying a 
modeling approach specifically elaborated for RC members with plain 
bars [32]. Infills are modeled as a couple of diagonal struts resisting only 
to compression, with mechanical characteristics defined as indicated by 
[33]. Then, time by time, a non-linear static incremental procedure is 

Fig. 1. Flowchart of the proposed procedure.  
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implemented, by scaling up the amplitude of the imposed base dis-
placements, obtained by the simulation operation. The applied proced-
ure is conceptually identical to the Incremental Dynamic Analysis [34], 
very well known in literature for seismic applications (e.g., [35–37]). At 
each step of the analysis, a code-based seismic safety assessment is 
carried out with reference to an ultimate ls condition, accordingly to the 
Italian National Code [38] and to the Eurocode 8 – Part 3 [39]. The 
significative structural response parameters identified in this work are 
the maximum differential settlement and the maximum deflection ratio, 
referred to each segment of the profile. The goal of the analysis is to find 
the values of these parameters at the onset of the selected ls, by using the 
critical demand to capacity ratio [40–41]. Considering that these values 
are lognormally distributed, the structural fragility is then derived 
[40,42]. 

This work demonstrates that the geometrical parameters of the 
considered RC frames stock have a significant impact on the frame 
vulnerability measure, when subjected to base differential displace-
ments. Moreover, the application direction of the differential settle-
ments induces a clear differentiation in the vulnerability response 
among the analyzed RC frames, when the selected geometrical param-
eter varies. 

2. Methodology 

The methodology proposed in this work is summarized in the flow-
chart in Fig. 1. The first step of the proposed methodology is the iden-
tification of the buildings’ population. Once the structural type is 
defined, the uncertain parameters related to geometry and material 
mechanical properties are identified through a literature study of the 
main characteristics of the existing RC buildings in Italy and, more in 
general, of the Mediterranean area. Then, the structural models are 
obtained, by simulating the uncertain parameters. Subsequently, based 
on each simulated suite of parameters, different structural frames are 
set. For each one, the RC members’ cross sections are obtained by means 
of a simulated design process, and, with the aim of performing a non- 
linear analysis, the plastic hinges for RC elements and infills are 
defined. The following step is the structural modelling via the integra-
tion between SAP2000 and MATLAB. At this point, after defining the 
representative settlement profiles and simulating their position under 
the columns of each frame, the displacements are imposed in the models. 
Non-linear differential settlements incremental analyses are then 
implemented, by scaling up the amplitude of the base displacements. A 
structural assessment is done at each step of the incremental analysis, by 
considering all the possible failure mechanisms. Once the structural 
response parameter is identified – in this work the maximum differential 
settlement along the profile or the maximum deflection ratio referred to 
each segment of the profile – the goal of the analysis is to find the values 
of this parameter at the onset of the selected ls. Considering that these 
values are lognormally distributed, the structural fragility is then 
derived. In Section 2.1 the simulation process is examined, while in 
Section 2.2 the structural assessment is presented. Finally, in Section 2.3 
the derivation of the fragility curves is illustrated. 

2.1. Simulation process 

This Section describes the adopted simulation process. The choice of 
the sampling technique to simulate the uncertain structural model pa-
rameters is the fundamental step in the definition of the proposed 
methodology. The Latin Hypercube Sampling (LHS, [43]) is used in this 
work. It is a special type of MonteCarlo simulation (MCS, [44]), which 
uses the stratification of the theoretical probability distribution func-
tions of input random variables. LHS can be considered as an alternative 
to the crude MCS in order to reduce the number of simulations and 
saving computational time [45] in addition to gaining acceptable level 
of accuracy (e.g., reducing the variance of the response function 
compared to the crude MCS, [46]). In this work, an efficient technique to 

carry out sample selection in LHS, which is the sampling of interval 
mean values (see a complete discussion in [47]), is chosen. The sampling 
from each interval is implemented only once during the simulation. The 
realizations of LHS are then completed by randomly pairing up the 
resulting values for each of the random variables [7,48–49]. A potential 
issue while working with the LHS can be the presence of undesired 
correlations among the random variables generated during the sampling 
process, especially with a small number of simulations [50]. Considering 
that herein some variables are perfectly correlated, while the others are 
completely uncorrelated, a post-processing is established. In fact, the 
correlation matrix is checked at the end of the simulation process to 
ensure that no unexpected correlation is present among the not- 
correlated variables. 

In this study, the structural modelling uncertainties considered are 
related to two main categories, that are: i) the mechanical material 
properties and ii) the geometrical properties. It is to note that this work 
aims to characterize the vulnerability of the buildings stock for different 
thresholds of the number of floors and the span length. Then, 20 structural 
models are obtained for each of these thresholds, by simulating the 
selected mechanical material and geometrical uncertain parameters, as 
will be described in detail in Section 3.2.1. Clearly, when the number of 
floors is fixed, the span length is a variable and vice-versa. 

A final comment regards the association of the differential settlement 
profiles to the structural models. In this work, 4 distribution of potential 
settlement profiles are used, as will be comprehensively described in 
Section 3.2.2. Then, the profiles are randomly imposed at the base of the 
considered frame columns, according to the execution of the above-
mentioned 20 simulations for each distribution. Finally, the 20 struc-
tural models are completed randomly pairing up with the 20 simulations 
of the settlement profiles under the columns for each distribution. This 
procedure is well explained and detailed in literature for seismic ap-
plications with regards to the association of structural models and 
ground motions [7,48], and it is herein repeated for the monotonically 
increasing action considered in this work. 

2.2. Structural assessment procedure 

The structural assessments for the RC columns and beams are con-
ducted according to the Italian National code [38] and its commentary 
[52], that are equivalent to the Eurocodes prescriptions [39,51,53] for 
the considered verifications. The safety checks are conducted with 
respect to brittle and ductile mechanisms (shear and chord rotation 
capacity, respectively) for the Life-Safety (LS) ls, corresponding to the 
Limit State of Significant Damage (SD) defined in Eurocode 8 [39]. This 
Limit State refers to seismic actions and to a certain return period of the 
seismic event. Nevertheless, no similar information is available for 
events like landslides and subsidence. Since the proposed assessment 
regards an ultimate Limit State condition, an “equivalent” Life Safety 
condition is considered to define the verifications to be done. Then, 
ductile and fragile (shear and joint) safety checks have been considered. 
However, it is to note that the capacity models for fragile safety checks 
are not variable when considering monotonic or cyclic actions and do 
not specifically depend from LS-ls. 

The shear strength of beams and columns is calculated in accordance 
with [38] and [51], on the basis of a variable inclination truss model. For 
members with shear reinforcements (e.g., stirrups), the shear resistance, 
VRd, is assumed as the smaller value obtained through the following 
expressions: 

VRd,s = Asw/s∙z∙fywd∙cotθ (1)  

VRd,max = αcw∙bw∙z∙ν1∙fcd/(cotθ+ tanθ) (2)  

where Asw is the cross-sectional area of the shear reinforcement, s is the 
spacing of the stirrups, fywd is the design yield strength of the shear 
reinforcement, ν1 is a strength reduction factor for concrete cracked in 
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shear and αcw is a coefficient taking account of the state of stress in the 
compression chord. 

For unconfined beam-column joints without shear reinforcement, 
the compression and the tension resistance are adopted to assess the 
shear capacity, in the principal tensile stress approach. The following 
expressions are provided in [52] and in [53]: 

σjc = N/2Aj +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
N/2Aj

)2
+
(
Vj/Aj

)2
√

≤ 0, 5fc(MPa) (3)  

σjt =

⃒
⃒
⃒N/2Aj −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
N/2Aj

)2
+
(
Vj/Aj

)2
√ ⃒

⃒
⃒ ≤ 0, 3

̅̅̅̅
fc

√
(MPa) (4)  

The expressions (3) and (4) are respectively related to compression and 
tension resistance. N represents the axial action in the upper column, Aj 
represents the resistant cross section of the joint, and Vj is the total joint 
shear. 

For ductile capacity of RC beams and columns, according to [52] and 
[39], the total chord rotation capacity at ultimate, θu, is evaluated 
through the following expression: 

θu =
1
γel

[

0, 016⋅0, 3ν⋅
(

max(0, 01;ω’)

max(0, 01;ω) ⋅fc

)0,225

⋅
(

Lv

h

)0,35

⋅25

(

α⋅ρsx ⋅fyw
fc

)

⋅
(
1, 25100⋅ρd

)
]

(5)  

In Eq. (5), h is the depth of the cross-section; ν is the axial effort acting on 
the compressed part of the RC section (dimensionless); ω and ω’ are 
respectively the mechanical reinforcement ratio of the tension and 
compression longitudinal reinforcement; fc and fyw are respectively the 
concrete compressive strength and the stirrup yielding strength, both 
expressed in MPa; Lv is the ratio between moment and shear at the end 
section; ρsx is the ratio of transverse steel parallel to the direction of 
loading; ρd is the steel ratio of diagonal reinforcements; α is a confine-
ment efficiency factor. For primary seismic elements, the θu is reduced 
by two more factors, that are the safety coefficient γel equal to 1,50 and 
the factor assumed for the considered LS-ls, equal to 0,75. The code 
formulation (5) for θu has been calibrated for cyclic load conditions. It is 
worth noting that in this study the settlements imposed on the structures 
are not cyclical, but monotonically increasing. Nevertheless, being the 
only existing code formulation, the (5) is also used as a conservative 
formula. By the way, the ductile verifications will not be the condi-
tioning ones for the structural failure at the considered ls, as will be seen 
in Section 3.4 and Section 3.5. 

2.3. Fragility assessment 

The fragility assessment methodology starts from the identification 
of the structural response parameter. According to [40] and [54], during 
the incremental analysis in which the settlements are scaled up, for each 
maximum differential settlement along the profile (δρmax, [12]), the cor-
responding critical demand to capacity ratio for the LS-ls (DCRLS) is 
adopted as the structural response parameter. The DCRLS is defined as 
the ratio between the demand (in terms of forces or rotations) induced 
by the differential settlements in the structural elements, and the ca-
pacity of the same elements, according to the LS-ls. The ratio is evaluated 
for all the RC elements, and the critical DCRLS of the structure is the 
maximum DCRLS among all the ratios. It can refer to the failure mech-
anisms described in Section 2.2, that are shear, joint and ductile failures 
and it will be related to the mechanism bringing the structure closest to 
the onset of the LS-ls. The analysis is interested in finding the moment 
when the first failure in a structural element is reached, condition 
occurring when DCRLS is equal to 1. Then, with respect to the incre-
mental analysis in terms of δρmax, the structural fragility can be 
expressed as the cumulative distribution function for the δρmax values 
that mark the LS-ls threshold DCRLS = 1 (see [40,54]). Assuming that the 
critical δρmax values at the onset of the LS-ls, denoted as δρmax 

DCR=1, are 

lognormally distributed, the structural fragility based on the proposed 
incremental procedure can be calculated as: 

P(DCRLS ≥ 1|δρmax = x) = P
(
δρmax

DCR=1 ≤ x
)
= Φ

(
lnx − lnηδρmax |DCR=1

βδρmax |DCR=1

)

(6)  

where ηδρmax |DCR=1 and βδρmax |DCR=1βSa
DCR=1 are the median and logarithmic 

standard deviation (dispersion) of δρmax 
DCR=1 at the onset of the LS. 

Needless to say that the fragility model parameters are ηδρmax |DCR=1 and 
βδρmax |DCR=1. In particular, the intersection of incremental curves (defined 
by increasing values of the δρmax) with the vertical line at DCRLS = 1 
defines the distribution of δρmax 

DCR=1. A lognormal distribution is fitted 
to these values data and the median and logarithmic standard deviation 
are derived. 

Finally, it is to note the fragility curves that will be illustrated in 
Sections 3.4 and 3.5 are expressed not only in terms of δρmax, but also in 
terms of maximum deflection ratio, γ, defined as proposed in Burland and 
Wroth [12] and described in detail in Section 3.2.2. In this second case, 
the fragility model parameters are ηγ|DCR=1 and βγ|DCR=1. 

3. Numerical application 

3.1. Case-study structures population and modelling strategies description 

The proposed methodology has been applied to a set of RC buildings 
having a parallel plane frames structural setting. This structural setting 
is typical of buildings designed only for gravitational loads (referred to 
buildings designed before 1974 [55], in Italy), widely spread in all the 
Mediterranean area. The population of the frame structures has been 
obtained through a simulation process, by fixing some geometrical and 
mechanical uncertain parameters. In particular, by separately fixing the 
number of floors (NF) and the span length (SL) to predefined values (NF =
2–5-8 and SL = 3,50–4,75–6,00 m), 20 structural models have been 
obtained for each of these values, by simulating the other selected 
geometrical and mechanical material properties, as described in Section 
3.2.1. Clearly, when the number of floors is fixed, the span length is a 
variable and vice-versa. This choice also derives from the desire to 
observe which of the two parameters influences more the structural 
response when ground differential settlements occur. Then, the external 
structural frames of the introduced buildings have been modelled, and 
the differential settlement profiles have been applied at the base of each 
column of them, following the procedure that will be illustrated in 
Section 3.2.2. 

Each structural frame presents 4 bays, with a variable span length 
(varying from one structure to another, but the same for the 4 bays in 
each structural frame), and a fixed floor height equal to 3,00 m. 
Consequently, the total length of the simulated structural frames varies 
between 14,00 m and 24,00 m, as well as the height, ranging between 
3,00 m and 24,00 m. The infills are supposed to be constituted by 
double-leaf horizontal hollow clay bricks walls with a supposed thick-
ness of 80 + 120 mm (refer to [56]), typical of Italian and Mediterranean 
RC buildings stock. A variable percentage of openings (OP) in the infills 
has been considered. 

The RC structural elements – beams and columns – of each consid-
ered plane external infilled structural frame, have been dimensioned 
through a simulated design process, according to the Italian R.D.L. [57]. 
It is worth to specify that, in order to estimate the cross section height (h) 
for the RC elements, the first step of the simulated design is it to fix the 
base value (b) of the element cross section. In this study, the bases of 
both columns and beams cross sections have been set at 0,30 m for NF ≤
2, 0,35 m for 3 ≤ NF ≤ 5 and 0,40 m for NF ≥ 6. Then, the values of h 
have been estimated through the simulated design. Opportune re-
ductions of the elements cross sections have been done for the upper 
floors to consider the load reduction. The variation of the geometry (NF, 
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SL and OP) affects the load analysis. In fact, for each simulated frame 
model, a corresponding load analysis is needed. Therefore, the cross 
sections of all RC elements are different for each model. The dimensions 
of the first-floor members cross sections are summarized in Table.1 and 
Table.2. As expected, for the first-floor columns, the cross section area 
increases with the number of floors. For the beams, instead, the cross 
section area increases with the span length. The summary of the longi-
tudinal and transversal reinforcement (Al and At, respectively), designed 
through the simulated design process, is also reported in Table.1 and 
Table.2. For the beams, Al is referred to the longitudinal tense bars, 
while the longitudinal compressed ones, not indicated in the Tables, are 
2Φ14. 

Based on the lognormal distributions obtained using literature in-
dications, the mechanical parameters assumed for steel, concrete and 
hollow clay bricks have been defined through the simulation process 
presented in Section 3.2.1. Smooth bars with a variable yield strength fy, 
and an elastic modulus Es of 210000 MPa have been considered. 
Coherently to the variable concrete strength, fc, the concrete elastic 
modulus, Ec, has been obtained based on the expression Ec = 22000⋅ 

Table 1 
Cross sections dimensions (base b and height h), and longitudinal and transversal reinforcement (Al and At, respectively) for beams and columns of the first floor with 
smaller (Min) and bigger (Max) area, among all the simulated structural frames, for fixed SL.   

SL ¼ 3,50 m SL ¼ 4,75 m SL ¼ 6,00 m 

Columns Beams Columns Beams Columns Beams 

Min Max Min Max Min Max Min Max Min Max Min Max 

b [cm] 30 40 35 40 30 40 35 40 30 40 35 40 
h [cm] 35 50 30 30 45 70 50 55 45 110 65 85 
Al 4Φ14 5Φ14 8Φ14 8Φ14 12Φ14 11Φ14 
At Φ6/15′’ Φ6/10′’ Φ6/15′’ Φ6/5′’ Φ6/15′’ Φ6/5′’  

Table 2 
Cross sections dimensions (base b and height h), and longitudinal and transversal reinforcement (Al and At, respectively) for beams and columns of the first floor with 
smaller (Min) and bigger (Max) area, among all the simulated structural frames, for fixed NF.   

NF ¼ 2 NF ¼ 5 NF ¼ 8 

Columns Beams Columns Beams Columns Beams 

Min Max Min Max Min Max Min Max Min Max Min Max 

b [cm] 30 30 30 30 35 35 35 35 40 40 40 40 
h [cm] 30 45 40 85 40 75 35 65 50 110 30 60 
Al 4Φ14 8Φ14 10Φ14 8Φ14 16Φ14 9Φ14 
At Φ6/15′’ Φ6/5′’ Φ6/15′’ Φ6/5′’ Φ6/15′’ Φ6/5′’  

Fig. 2. 2D infilled structural frame models for different NF: 2 (a), 5 (b) and 8 (c).  

Table 3 
Summary of the considered uncertainty in the structural parameters.  

Parameter Distribution Reference 

Type p1 p2 

Mechanical 
materials 
properties 

fc 
[MPa] 

lognormal 29,33 0,31 Verderame et al. 
(2001) 

fy 

[MPa] 
lognormal 356,80 0,19 STIL software 

ReLUIS (2019) 
E 
[MPa] 

lognormal 1255,00 0,22 Ricci et al. 
(2018) 

G 
[MPa] 

lognormal 315,00 0,11 Ricci et al. 
(2018) 

to 

[MPa] 
lognormal 0,23 0,05 Ricci et al. 

(2018) 
Geometrical 

properties 
OP [-] uniform 0,20 0,50 Al Chaar (2002) 

Gaetani d’A. 
et al. (2019) 

SL [m] uniform 3,50 6,00 Gaetani d’A. 
et al. (2019) 

NF [-] uniform 2 8 Borzi et al. 
(2008)  
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(
fc/10

)0,3 (with fc in MPa), provided in [38]. The mechanical properties 
of the hollow clay bricks are expressed in terms of elastic modulus E 
(parallel to holes), shear modulus G, and tensile strength to. 

The structural models for plane frames have been created using the 
SAP2000 software (v. 21.0.2). Beams and columns have been modeled 
as 2-D elements, as well as the infills, that have been reproduced as a 
couple of diagonal struts. Diaphragms at each level simulate the in-plane 
slab stiffness, as requested by the design code [57]. The presence of 
foundations is taken into account by fixing the bases of the first floor 

columns, constraining displacements in the horizontal and vertical di-
rections. The differential settlements are applied as displacement at 
support at the bases of the first-floor columns. The inelastic response of 
the infilled structural frames used in this study has been simulated by 
using nonlinear structural models from literature. Columns and beams 
have been modeled as elastic frame elements with lumped plasticity. 
The inelastic response of RC members has been reproduced by intro-
ducing one inelastic rotational flexural hinge at the two ends of each 
frame element, according to a modeling approach specifically 

Table 4 
Correlation matrix between the uncertain parameters.   

fc fy E G to OP SL NF 

fc 1,00 − 0,01 − 0,24 − 0,23 − 0,21 0,08 0,20 0,00001 
fy − 0,01 1,00 − 0,23 − 0,23 − 0,24 0,06 − 0,20 0,16 
E − 0,24 − 0,23 1,00 1,00 0,98 0,01 − 0,12 0,18 
G − 0,23 − 0,23 1,00 1,00 0,99 0,04 − 0,13 0,20 
to − 0,21 − 0,24 0,98 0,99 1,00 0,12 − 0,15 − 0,22 
OP 0,08 0,06 0,01 0,04 0,12 1,00 − 0,10 − 0,14 
SL 0,20 − 0,20 − 0,12 − 0,13 − 0,15 − 0,10 1,00 − 0,08 
NF 0,00001 0,16 0,18 0,20 − 0,22 − 0,14 − 0,08 1,00  

Fig. 3. Shapes of the 20 first base simulated settlement profiles, divided in groups of 5.  

Fig. 4. Parameters used to quantify the magnitude of displacement inducing failure in a RC element: (a) maximum differential settlement δρmax; (b) identification of 
relative deflection Δ and distance between the reference points L for sagging and hogging stretches of the profile, to evaluate the deflection ratio. 
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elaborated for RC members with plain bars [32]. The shear and joint 
failures have been considered in post-processing. This procedure is 
considered reliable, since the aim of this work is only the identification 
of the first failure at LS-ls. Then, with respect to the goal of the fragility 
curves derivation, the incremental analysis is meaningful up to the first 
element failure. The infills have been modelled by in-plane equivalent 
diagonal struts, carrying loads only in compression. Geometries of the 
equivalent struts have been defined according to [58], taking into ac-
count the percentage of openings through a reductive factor for the 
equivalent strut width. The lateral response, following the equivalent 
single strut model proposed by [33], has been assigned as axial hinges at 
the middle cross section of each diagonal frame element. 

As an example, the 2D infilled structural frame models for number of 
floors equal to 2–5-8 are depicted in Fig. 2 a, b and c respectively. Each of 
this configuration is then specified in 20 different structural models 
based on the different properties coming from the outcomes of the 
simulation process. 

3.2. Characterization of the uncertainties 

The following Sections regard the uncertainties characterization, 
that can be split in two main parts. The first one (Section 3.2.1) is related 
to the uncertainty in the structural parameters necessary to develop the 
different structural models. The second one (Section 3.2.2), instead, is 
relative to the uncertainty in the representation of the differential set-
tlement profiles. 

3.2.1. Uncertainty in the structural parameters 
The parameters related to the mechanical materials properties and 

the geometrical properties, and their uncertainties, are summarized in 
Table. 3, where the columns p1 and p2 represent the median and the 
coefficient of variation (COV) in case of lognormally distributed pa-
rameters, or the minimum and the maximum values in case of uniformly 
distributed variables. All the mechanical materials properties have been 
considered to be lognormally distributed. The concrete compressive and 
the steel yielding strengths are denoted respectively as fc and fy. Their 
median values and COV have been derived from available results in 
literature ([59] for concrete and [60] for the steel), selecting a window 
for the year of construction coherently with the assumptions about the 

set of considered RC buildings. With regards to the infills, the median 
and the COV for the 3 uncertain properties of construction material – the 
elastic modulus E, the shear modulus G and the tensile strength to – have 
been selected coherently with [61]. All the geometrical properties – NF, 
SL and OP – have been considered to be uniformly distributed. Ac-
cording to Bal et al. [62], the most frequent value for the opening per-
centage within the RC building stock in Turkey is 20%. However, as also 
mentioned in G. d’Aragona et al. [63], there might be cases where the 
OP is much larger. According to Al-Chaar et al. [58], if the area of the 
openings is greater than or equal to 60% of the area of the infill panel, 
then the effect of the infill should be neglected. In this work, a uniform 
distribution between 20% and 50% (with a simulation step of 1%) has 
been considered. The uniform distribution of the span length varies be-
tween a minimum value of 3,50 m and a maximum value of 6,00 m (with 
a simulation step of 0,01 m), as proposed in G. d’Aragona et al. [63]. It is 
to note that also in the case in which the total plan dimension of the 
frame is maximized (24,00 m), this length does not exceed the limit for 
the thermal expansion joint prescribed in the design code [57]. Finally, a 
variable number of floors, ranging from 2 to 8 (with a simulation step of 
1), is identified, as proposed in Borzi et al. [64] and in good agreement 
with Hak et al. [65] and G. d’Aragona et al. [63]. 

The correlation matrix between all pairs of 8 uncertain parameters is 
shown in Table. 4. The three uncertain mechanical properties of con-
struction material for the infills – the elastic modulus E, the shear 
modulus G and the tensile strength to – depend each other and a full 
correlation structure has been considered. It is known that E and G are 
correlated by the general Hook formulation (G = E

2(1+ν)). Moreover, the 
tensile strength is the value of the maximum stress that a material can 
handle. This is the limit between plasticity zone and rupture zone. Then, 
it is meaningful to consider a full correlation among the three values (e. 
g., if one takes the lowest bound of the distribution for E, it is logical to 
take the lowest bound of the distribution also for G). The other uncertain 
parameters are instead independent. Then, considering that the vari-
ables in this work are perfectly correlated (E, G and to, correlation value 
equal to 1) or completely uncorrelated (all the other variables), a post- 
processing has been established. In fact, to solve this problem, the cor-
relation matrix has been checked at the end of the simulation process to 
ensure that no unexpected correlation was present among the not- 
correlated variables. In the case study, spurious correlations in the 

Fig. 5. Extract of the Open Application Programming Interface functions used in the implemented code to start SAP2000 application.  
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order of maximum 0,24 (for 20 simulations) are found in case of zeros 
target correlations and can be considerable negligible with respect to the 
main goal of the paper. 

3.2.2. Uncertainty in the representation of the differential settlements 
In this work, the simulated differential settlements have been 

imposed on the structural frames in order to observe their effects in 
terms of failures in the structural elements. These settlements can have 
origin from various kinds of actions, but the goal of the work it is not to 
identify their causes, but to analyze their effects on the RC buildings 
stock. 

The defined simulated settlement profiles are characterized by 
various shapes and directions. With regards to the shape, 20 simulations 
of a base profile have been established, constituted by 5 significant 
points corresponding to the 5 columns of the structural frame. These 20 
simulations are then associated to the 20 structural models, as explained 

in Section 2.1. Indicating each of the columns displacement as ρi, with i 
ranging from 1 to 5, the minimum (ρmin) and the maximum (ρmax) dis-
placements of the first base profile are imposed at 2 mm and 4 mm, 
respectively, for a differential settlement Δρ amounting to 2 mm. The 
remaining 3 settlements have values equally distributed between the 
minimum and the maximum, with an interval of 0,5 mm from each 
other. The 20 base profiles, in number equal to the number of simula-
tions (as described in Section 2.2), are illustrated in Fig. 3. Among the 
simulated settlement profiles, segments in sagging (concavity facing 
upwards) and segments in hogging (concavity facing down) can be 
observed, including the purely U-shaped profiles typical of the literature 
studies. In the incremental analysis, a number of scale factors (SFs) have 
been applied to the first settlement profile of each simulation, increasing 
of 1 unit the multiplying factor at each increment, up to that one leading 
to the first structural failure, according to Section 2.2. In each scaled 
profile, the maximum and the minimum settlements are always in a ratio 
2:1. In few cases, the profile with SF equal to 1, namely first base profile, 
was the one inducing the first structural failure. For this reason, other 
three preceding steps have been considered, with SFs equal to 0,05, 0,10 
and 0,50 respectively. 

The foundations settlements could have different directions, 
depending on the phenomenon from which they originated. To explore a 
range of possibilities (without going into the details of the causes, as 
already mentioned) the above described base profiles, gradually scaled, 
have been applied along 4 directions: i) horizontal (H), ii) vertical (V), 
iii) pseudo-horizontal (P-H) and iv) pseudo-vertical (P-V). In particular, 
in the P-H case, the base settlements are mainly horizontal, but are 
assumed to be inclined with respect to the horizontal direction such that 
the horizontal component is equal to 2/3 ρi and the vertical component 
is equal to 1/3 ρi. Similarly, in the P-V case, the base settlements are 
mainly vertical, but are assumed to be inclined with respect to the 
vertical direction in such a manner that the horizontal component is 
equal to 1/3 ρi and the vertical component is equal to 2/3 ρi. The profiles 
have been randomly imposed at the base of the considered frame col-
umns as displacement at supports, based on the executed simulation 
(Section 2.1). The interaction between the soil and the structure has not 
been considered, hence the differential settlements are transmitted 
directly to the foundations. This is a widespread assumption for the 
assessment of the response of a flexible structure affected by ground 
movements [66]. The possible combinations between entity and direc-
tion of settlements are infinite; however, the cases presented in this work 
constitute an exhaustive sample of possibilities, thanks to the simulation 
procedure and the consideration of the possible different directions. 
Clearly, the action of the illustrated settlements imposed under the 
considered structural frame has been applied starting from the deformed 
condition derived from the non-linear gravity loads existence. 

In Fig. 4, a, the ρmin, ρmax and δρmax are indicated for a generic set-
tlement profile. As well, in Fig. 4, b, the dimensions needed to estimate 
the deflection ratio γ = Δ/L are shown for the two parts of the same 
settlement profile. In general, Δ is the relative deflection of sagging and 
hogging, namely the maximum displacement relative to the straight line 
connecting two reference points, and L is the distance between them 
[12] (in Fig. 4, b, γ13 = Δ2/L13 and γ35 = Δ4/L35). 

3.3. MATLAB-SAP 2000 integrated use 

Fixing one by one the number of floors and the span length, the loads 
acting on the specific structural frame change. According to the simu-
lation method explained in Section 2.1, for each structural frame having 
a fixed number of floors or a fixed span length (the 6 starting fixed values), 
20 structural models have been obtained. In summary, the number of 
adopted models is 6 (number of the starting fixed values) times 20 
(number of simulations), namely 120 models, each different from the 
other for geometry. As described in Section 3.1.2, the 4 different 
displacement profiles characterized by different shapes and directions 
have been randomly applied at the base of each column, based on the 

Table 5 
Prevailing failure mechanisms at LS-ls, for fixed NF.  

NF 
\Direction 

H V P-H P-V 

NF = 2 Shear Joint (tension) 
In about the 70–75% of the cases, the first failure 
regards an external joint of the 2nd floor. 

The first failure 
regards in 
similar 
percentage a 
joint of the 1st 
and of the 2nd 
floor, with 
similar 
percentage 
between 
internal and 
external joints. 

NF = 5 Shear 
Column 
/Shear 
Joint 
(tension) 

Shear Joint 
(tension) 

Shear Column 
/Shear Joint 
(tension) 

Shear Joint 
(tension) 
/Shear 
Column 

In the 75% 
of cases, 
the first 
failure 
regards a 
1st floor 
column. In 
the 
remaining 
cases, the 
first failure 
regards 
mainly an 
external 
joint of the 
last two 
floors. 

The first 
failure always 
regards an 
external joint: 
of the last two 
floors (both 
40%), or of 
the 1st floor 
(20%). 

The first failure 
regards, in 
similar 
percentage, a 
1st floor 
column or a 
joint, 
predominantly 
external in the 
last two floors. 

The first failure 
regards an 
external joint of 
the 4th floor 
(45%) or of the 
5th floor (30%). 
Only for one 
case, the first 
failure is in a 1st 
floor column. 

NF = 8 Shear 
Column 

Shear Joint 
(tension) 

Shear Column 
/Shear Joint 
(tension) 

Shear Joint 
(tension) 
/Shear 
Column 

The first 
failure 
regards 
always a 
1st floor 
column. 

In all the 
cases, the first 
failure 
regards a 
joint: one of 
the 1st floor 
(30%), one of 
the 3rd or 5th 
floor (10%) or 
one of the last 
two floors 
(30% and 
20%, 
respectively). 

In all the cases 
except one, the 
first failure 
regards a 1st 
floor column. 
Only for one 
case, the first 
failure 
regards an 
external joint of 
the last floor. 

The first failure 
regards a joint 
(55%), 
predominantly 
of the 1st or last 
two floors 
(internal or 
external in 
similar 
percentage), or 
a 1st floor 
column (45%).  
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executed simulation. These displacement profiles have been incre-
mented with a predefined step up to the point in which the first failure is 
attained. For operational simplicity, all the 120 models obtained by 
fixing one basic parameter have been replied 4 times, one time for every 
different displacement profile direction, for a total number of 480 

models. 
The large number of structural frames models to be analyzed makes 

the implementation of the analysis and the drafting of the structural 
checks very expensive. In order to reduce the computational burden, the 
Open Application Programming Interface (OAPI) by CSI [30] has been 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 6. The incremental analysis curves and the values of the δρmax 
DCRLS=1 = 1 for horizontal (a,b,c), vertical (d,e,f), pseudo-horizontal (g,h,i) and pseudo-vertical (j, 

k,l) differential settlements, in case of fixed NF. 
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implemented for use in a complementary way the structural modelling 
software SAP2000 and the code software MATLAB, that uses a high- 
performance language for technical computing based on matrixes. The 
MATLAB code language has been exploited to start SAP2000, build the 
models, and launch the analysis from an external application, though 
also other languages could be used to access SAP2000 OAPI functions (e. 
g., Visual Basic). The procedure is explained in the following with 
reference to one structural frame model. 

The input elements for the MATLAB script where OAPI functions 
have been implemented are: i) the geometrical properties of beams, 
columns and infills, ii) the simulated parameters needed to create the 
model and iii) the characteristic points of the curves describing the 
plastic hinges non-linear behavior, related to RC elements and infills 
struts, described in Section 3.1. All the geometrical properties of beams, 
columns and infills, both the fixed properties and those obtained after 
implementing the simulated design, have been grouped in a structure 

array, a data type that collect related data using data containers call-
ed fields. As well, the simulated parameters and the defined plastic 
hinges needed to create the model have been imported in the code. It is 
worth noting that when the number of floors has been fixed, the span 
length has been considered as a simulated parameter, and vice-versa, 
when the span length has been fixed, the number of floors has been 
considered as a simulated parameter. The elements in ii) and iii) have 
been imported as matrixes in .mat format files. An extract of the 
implemented code used to start SAP2000 application is reported in 
Fig. 5. 

The whole process implemented in MATLAB can be summarized as: 
1) calculation of the building parameters (material and geometric 
properties of beams, columns and infills), with uncertainty; 2) writing 
down of the OAPI commands to create the structural model in SAP2000; 
3) editing of the .$2k format file generated by SAP2000 to add some 
necessary elements of the structural model, such as the diaphragm 

(a) (b)

(c) (d)

Fig. 7. Comparison among the fragility curves in terms of δρmax for LS-ls, associated with the different fixed NF and under the different types of differential set-
tlement profiles. 

Table 6 
Statistical parameters for fragility curves at LS-ls, for fixed NF, considering as structural response parameter δρmax.  

Analysis case η[mm] β Analysis case η [mm] β Analysis case η [mm] β 

H_NF = 2 15,31 0,68 H_NF = 5 7,56 0,98 H_NF = 8 3,48 0,60 
V_NF = 2 1,55 0,67 V_NF = 5 3,34 0,37 V_NF = 8 5,45 0,35 
P-H_NF = 2 4,77 0,72 P-H_NF = 5 6,44 0,34 P-H_NF = 8 4,96 0,58 
P-V_NF = 2 2,44 0,70 P-V_NF = 5 5,02 0,32 P-V_NF = 8 6,18 0,30  
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constraints at each floor, the gravitational loads, the ground settlement 
profiles and the plastic hinges related to beams, columns and struts; 4) 
opening of the complete .$2k format file in SAP2000 and running of the 
analyses of the structural model. 

All what described for one single model has been repeated for the 
480 models previously introduced, setting two loops in the code: the first 
loop on the number of simulations, varying from 1 to 20 (Section 2.1); 
the second loop on the number of displacement profiles to apply at the 
base of the columns, varying from 1 to 4 (Section 3.1.2). This has been 
repeated for each of the 6 fixed basic parameters values. Thanks to the 
implemented procedure, all the steps of the model creation and analysis 
have been automatized, for all the models to be created. Editing the .$2k 
files in MATLAB, as suggested, makes it very fast to create structural 
models in SAP2000, complete of all the features and the loads, easily 
allowing to run analysis without the intervention of the engineer, who in 
any case performs a post-clearance check of the results. 

3.4. Fragility curves by fixing the number of floors 

For each fixed number of floors, the results about the incremental 
analyses and the fragility curves are shown in this Section. The incre-
mental analysis is performed for the suite of 20 structural models, 
described in Section 3.2.1, by scaling up the amplitude of the settlement 
profiles, presented in Section 3.2.2. The 20 couples of structural models/ 
settlement profiles are randomly associated, as discussed in Section 2.1. 
Before presenting incremental analysis curves and fragility curves, the 
structural response at LS-ls for the set of fixed number of floors is shown 
in Table. 5, where the failure mechanisms – separated for settlements 
direction – have been summarized. 

For each case created by fixing the value of the number of floors, the 
results are shown based on the application of horizontal (Fig. 6, a-c), 
vertical (Fig. 6, d-f), pseudo-horizontal (Fig. 6, g-i) and pseudo-vertical 
(Fig. 6, j-l) differential settlements. The incremental analysis curves are 

(a) (b)

(c) (d)

Fig. 8. Comparison among the fragility curves in terms of γ for LS-ls associated with the different fixed NF and under the different types of differential settle-
ment profiles. 

Table 7 
Statistical parameters for fragility curves at LS-ls, for fixed NF, considering as structural response parameter γ.  

Analysis case η [%] β Analysis case η [%] β Analysis case η [%] β 

H_NF = 2 0,09 0,79 H_NF = 5 0,04 1,23 H_NF = 8 0,02 0,83 
V_NF = 2 0,01 0,62 V_NF = 5 0,02 0,20 V_NF = 8 0,03 0,23 
P-H_NF = 2 0,03 0,65 P-H_NF = 5 0,04 0,47 P-H_NF = 8 0,03 0,79 
P-V_NF = 2 0,01 0,65 P-V_NF = 5 0,03 0,20 P-V_NF = 8 0,04 0,40  
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plotted in thin grey lines in Fig. 6. Each curve shows the variation in the 
performance variable DCRLS as a function of δρmax, while the settlements 
profile’s amplitude is linearly scaled-up. The analysis is of interest up to 
the level in which the first failure in a RC element is reached, that occur 
when DCRLS = 1. The δρmax values on the incremental analysis curves 
corresponding to DCRLS = 1 and denoted as δρmax

DCRLS=1(i.e., the δρmax 
levels marking the onset of the limit state) are shown as blue circles on 
the red dashed vertical line, the latter representing the condition DCRLS 
= 1. However, in order to show a more complete picture of the 
δρmax–DCRLS response, the horizontal axes is shown up to 2. The values 

of δρmax
DCRLS=1, together with the fitted (Lognormal) probability density 

function (PDF), plotted as a black dashed line, are shown in Fig. 6. As 
well, the median and the logarithmic standard deviation (dispersion) of 
δρmax 

DCR=1 at the onset of LS-ls, respectively ηδρmax |DCR=1 and βδρmax |DCR=1, 
are shown in Fig. 6. 

Fig. 7 shows the resulting lognormal incremental analysis-based 
fragility curves, respectively for horizontal (Fig. 7, a), vertical (Fig. 7, 
b), pseudo-horizontal (Fig. 7, c) and pseudo-vertical (Fig. 7, d) differ-
ential settlements, correlated to the probability of exceedance of the LS- 
ls due to the first RC element failure. In each figure, the solid blue line 
represents the fragility curve for the structural models with fixed NF = 2, 
the dashed red line proposes the fragility curve for the structural models 
with fixed NF = 5 and the dot-dashed black line presents the fragility 
curve for the structural models with fixed NF = 8. All the curves are cut 
at δρmax equal to 40 mm, to have a uniform view of the differences be-
tween the various directions of application of the differential settlement. 

The vulnerability trend at LS-ls among the suite of buildings with 
number of floors equal to 2, 5 and 8 is opposite when the horizontal and 
the vertical settlements are applied. In fact, under horizontal settle-
ments, the more the number of floors increases, the more the buildings 
stock is vulnerable. On the other side, under vertical settlements, the 
more the number of floors decreases, the more the buildings stock is 
vulnerable. It is to note that the vertical settlements induce a prevalent 
mechanism related to the failure of the beam-column joints without 
shear reinforcement, as shown in Table. 5. Under horizontal settlements, 
instead, there are two prevalent mechanisms (that are joints failures and 
shear crises in the columns). In particular, with the increasing of the 
number of floors, the number of governing shear crises in the columns 
raises up, becoming prevalent when the number of floors is 8. With 
respect to pseudo-horizontal settlements, when the number of floors is 
low, the introduced vertical component of the displacement induces 
joints failures for lower steps of the analysis with comparison to the case 
of total horizontal settlements, reducing the median capacity (see Table. 
6, H_NF = 2/5 versus PH_NF = 2/5). From the other side, this effect is 
opposite when the number of floors is higher, increasing a little bit the 
capacity in terms of ηδρmax |DCR=1, (see Table. 6, H_NF = 8 versus PH_NF =
8). Instead, the trend of the fragility curves is confirmed between ver-
tical and pseudo-vertical direction of application of the settlements for 
all the considered cases. In the latter case, there is a small amount in the 
capacity in terms of ηδρmax |DCR=1, more sensible when the number of floors 
is low. All the statistics of these curves in terms of median and standard 
deviation are reported in Table. 6 (where η = ηδρmax |DCR=1 and β =

βδρmax |DCR=1). 
The fragility curves have been obtained also using γas structural 

response parameter. The resulting lognormal incremental analysis- 
based fragility curves, correlated to the probability of exceedance of 
the LS-ls due to the first RC element failure, are presented, respectively 
for horizontal (Fig. 8, a), vertical (Fig. 8, b), pseudo-horizontal (Fig. 8, c) 
and pseudo-vertical (Fig. 8, d) differential settlements. The legend of the 
figure is the same of Fig. 7. 

Clearly, also considering γ as structural response parameter, the 
vulnerability at LS-ls of the suite of buildings with NF = 2, 5 and 8 is 
opposite when the horizontal and the vertical settlements are applied, 
with a trend of the fragility curves similar to what happens with δρmax.

The same trend between horizontal/vertical and pseudo horizonal/ 
vertical settlements directions, described for δρmax, is confirmed. Finally, 
the statistical parameters for fragility curves in terms of γ are proposed 
in Table. 7 (where η = ηγ|DCR=1 and β = βγ|DCR=1). 

3.5. Fragility curves by fixing the span length 

For each fixed span length, the results about the incremental analysis 
and the fragility curves are shown in this Section. Also in this case, the 
incremental analysis is performed for the suite of 20 structural models, 
by scaling up the amplitude of the settlement profiles. The structural 

Table 8 
Prevailing failure mechanisms at LS-ls, for fixed SL.  

SL \ 
Direction 

H V P-H P-V 

SL = 3,50 Shear Joint 
(tension) 
/Shear 
Column 

Shear 
Joint 
(tension) 

Shear Joint 
(tension) 
/Shear Column 

Shear Joint 
(tension) 

In the 60% 
of cases, the 
first failure 
regards a 
joint (83% 
external, 
67% at last 
two floors). 
In the 
remaining 
40% of 
cases, the 
first failure 
regards a 1st 
floor 
column. 

The first 
failure 
regards an 
external 
joint in the 
70% of 
cases and a 
joint of the 
last two 
floors in 
the 65% of 
cases. 

In all the cases 
except one, the 
first failure 
regards a joint: 
an external joint 
in the 60% of 
cases and a joint 
of the last two 
floors in the 60% 
of cases. For the 
remaining case, 
the first failure 
regards a 1st 
floor column. 

The first failure 
regards an 
external joint in 
the 70% of cases 
and a joint of the 
last two floors in 
the 75% of cases. 

SL = 4,75 Shear 
Column 
/Shear 
Joint 
(tension) 

Shear 
Joint 
(tension) 

Shear Joint 
(tension) 
/Shear Column 

Shear Joint 
(tension) 

In the 60% 
of cases, the 
first failure 
regards a 1st 
floor 
column. In 
the 
remaining 
cases, the 
first failure 
regards 
mainly an 
external 
joint of the 
last two 
floors. 

The first 
failure 
regards an 
external 
joint in the 
75% of 
cases and a 
joint of the 
last two 
floors in 
the 70% of 
cases. 

The first failure 
regards a joint 
(55%), 
predominantly of 
the 1st or last 
two floors, 
(external at the 
64%), or a 1st 
floor column 
(45%). 

The first failure 
regards an 
external joint in 
the 70% of cases 
and a joint of the 
last two floors in 
the 70% of cases. 

SL = 6,00 Shear 
Column 
/Shear 
Joint 
(tension) 

Shear 
Joint 
(tension) 

Shear Column 
/Shear Joint 
(tension) 

Shear Joint 
(tension) 
/Shear Column 

In all the 
cases except 
one, the first 
failure 
regards a 1st 
floor 
column. 
Only for one 
case, the 
first failure 
regards an 
external 
joint of the 
2nd floor. 

The first 
failure 
regards an 
external 
joint in the 
70% of 
cases and a 
joint of the 
last two 
floors in 
the 60% of 
cases. 

In the 90% of 
cases, the first 
failure regards a 
1st floor column. 
In the remaining 
cases, the first 
failure is in a 
joint. 

The first failure 
regards a joint 
(60%), 
predominantly 
of the 1st or the 
last two floors 
(external at 
58%), or a 1st 
floor column 
(40%).  
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response at LS-ls for the set of fixed span length is shown in Table. 8, 
where the failure mechanisms – separated for settlements direction – 
have been summarized. 

For each fixed value of the span length, the results are shown based on 
the application of horizontal (Fig. 9, a-c), vertical (Fig. 9, d-f), pseudo- 

horizontal (Fig. 9, g-i) and pseudo-vertical (Fig. 9, j-l) differential set-
tlements. The legend of the figure is the same of Fig. 6. The values of 
δρmax

DCRLS=1, together with the fitted (Lognormal) PDF, the values of 
ηδρmax |DCR=1 and βSa

DCR=1 βδρmax |DCR=1 at the onset of LS-ls, are also shown in 
Fig. 9. 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 9. The incremental analysis curves and the values of the δρmax 
DCRLS=1 

= 1 for horizontal (a,b,c), vertical (d,e,f), pseudo-horizontal (g,h,i) and pseudo-vertical (j, 
k,l) differential settlements, in case of fixed SL. 
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Fig. 10 shows the resulting lognormal incremental analysis-based 
fragility curves, respectively for horizontal (Fig. 10, a), vertical 
(Fig. 10, b), pseudo-horizontal (Fig. 10, c) and pseudo-vertical (Fig. 10, 
d) settlements, correlated to the probability of exceedance of the LS-ls 
due to the first RC element failure. In each figure, the solid blue line 
represents the fragility curve for the structural models with SL = 3,50 m, 
the dashed red line proposes the fragility curve for the structural models 
with SL = 4,75 m and the dot-dashed black line presents the fragility 
curve for the structural models with SL = 6,00 m. All the curves are cut 
at δρmax equal to 50 mm, to have a uniform view of the differences be-
tween the various directions of application of the differential settlement. 

The trend of vulnerability at LS-ls among the suite of buildings with 
span length equal to 3,50, 4,75 and 6,00 m is opposite when the hori-
zontal and the vertical settlements are applied. In fact, under horizontal 
settlements, the more the span length increases, the more the buildings 
stock is vulnerable, while, under vertical settlements, the more the span 
length decreases, the more the buildings stock is vulnerable. It is to note 

that, under vertical settlements, there is a prevalent mechanism related 
to the failure of the beam-column joints without shear reinforcement, as 
shown in Table. 8. Under horizontal settlements, instead, there are two 
prevalent mechanisms (that are joints failures and shear crises in the 
columns). In particular, the shear crises in the columns became domi-
nant with the increasing of the span length, becoming almost totally 
prevalent when the span length is 6,00 m. With respect to pseudo- 
horizontal settlements, when the span length is low, the introduced 
vertical component of the displacement induces prevalent joints failures, 
moreover for lower steps of the analysis with comparison to the case of 
failure for total horizontal settlements, reducing the median capacity 
(see Table. 9, H_SL = 3,50/4,75 m versus P-H_SL = 3,50/4,75 m). When 
the span length is higher, the median capacity of the buildings stock is 
comparable in all cases (see Table. 9, H_SL = 6,00 m, V_SL = 6,00 m, P- 
H_SL = 6,00 m and P-V_SL = 6,00 m). Instead, comparing the fragility 
curves for vertical and pseudo-vertical direction of application of the 
settlements, the trend is quite confirmed, but it is to note that for SL =

(a) (b)

(c) (d)

Fig. 10. Comparison among the fragility curves in terms of δρmax for LS-ls associated with the different fixed SL and under the different types of settlements.  

Table 9 
Statistical parameters for fragility curves at LS-ls, for fixed SL, considering as structural response parameter δρmax.  

Analysis case η [mm] β Analysis case η [mm] β Analysis case η [mm] β 

H_SL = 3,50 m 28,73 1,14 H_SL = 4,75 m 10,39 1,13 H_SL = 6,00 m 3,85 0,80 
V_SL = 3,50 m 2,95 0,52 V_SL = 4,75 m 3,44 0,49 V_SL = 6,00 m 4, 25 0,58 
P-H_SL = 3,50 m 7,64 0,53 P-H_SL = 4,75 m 6,62 0,27 P-H_SL = 6,00 m 4,34 0,41 
P-V_SL = 3,50 m 4,38 0,54 P-V_SL = 4,75 m 5,08 0,50 P-V_SL = 6,00 m 5,09 0,42  
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4,75 m there is a slight improvement in the structural responses, due to 
the introduced horizontal components (see Table. 9, V_SL = 4,75 m 
versus P-V_SL = 4,75 m). All the statistics of these curves in terms of 
median and standard deviation are reported in Table. 9 (where 
η = ηδρmax |DCR=1 and β = βδρmax |DCR=1). 

Also in this case, the fragility curves have been additionally obtained 
by using γ as structural response parameter. Fig. 11 presents the 
resulting lognormal incremental analysis-based fragility curves, 
respectively for horizontal (Fig. 11, a), vertical (Fig. 11, b), pseudo- 
horizontal (Fig. 11, c) and pseudo-vertical settlements (Fig. 11, d). 
The legend of the figure is the same of Fig. 10. 

Clearly, also when γ is considered as structural response parameter, 
the vulnerability at LS-ls of the suite of buildings with SL = 3,50, 4,75 
and 6,00 m is opposite when the horizontal and the vertical settlements 
are applied . The trend between horizontal/vertical and pseudo hori-
zonal/vertical settlements directions, described for δρmax, is confirmed. 
Finally, the statistical parameters for fragility curves considering as 

structural response parameter γ are proposed in Table. 10 (where 
η = ηγ|DCR=1 and β = βγ|DCR=1). 

The direct comparison of these results with other few indications 
from literature is not possible, due to the difference in methodology 
(analytical versus empirical methods), chosen limit/damage states, 
population sample (structural type, materials, geometry, etc.), type and 
direction of the considered settlements. In particular, one of the nov-
elties of this work is that it provided a full compatible code assessment 
and then the safety checks have been done accordingly to the recom-
mendations for Italian/European ultimate Limit State. The interesting 
studies that also provide a fragility assessment based on induced set-
tlements actions used performance-based damage states. However, for 
vertical and pseudo-horizontal differential settlements, by comparing 
these statistical outcomes with the fragility curves for RC buildings 
proposed in [19,29], nevertheless the code based assessment is more 
conservative, a general agreement on the order of magnitude of the 
differential settlements inducing the elements failure can be found. 

(a) (b)

(c) (d)

Fig. 11. Comparison among the fragility curves in terms of γ for LS-ls associated with the different fixed SL and under the different types of settlements.  

Table 10 
Statistical parameters for fragility curves at LS-ls, for fixed SL, considering as structural response parameter γ.  

Analysis case η [%] β Analysis case η [%] β Analysis case η [%] β 

H_SL = 3,50 m 0,17 1,32 H_SL = 4,75 m 0,06 1,23 H_SL = 6,00 m 0,02 0,96 
V_SL = 3,50 m 0,02 0,49 V_SL = 4,75 m 0,02 0,48 V_SL = 6,00 m 0,02 0,56 
P-H_SL = 3,50 m 0,04 0,54 P-H_SL = 4,75 m 0,04 0,40 P-H_SL = 6,00 m 0,03 0,55 
P-V_SL = 3,50 m 0,03 0,52 P-V_SL = 4,75 m 0,03 0,50 P-V_SL = 6,00 m 0,03 0,46  
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4. Conclusions 

This study investigates the vulnerability of a RC infilled buildings 
stock with a parallel plane frames structural system with respect to 
imposed displacement with varying magnitudes and/or inclinations. 
The RC buildings population has been simulated: first the uncertain 
parameters related to geometrical and mechanical material properties 
have been identified and then the structural design of the elements by a 
simulated design procedure has been carried out. The computational 
burden deriving from the large number of FEM models to be managed 
has been widely reduced by integrating the structural modelling soft-
ware SAP2000 and the code software MATLAB by means of the Open 
Application Programming Interface (OAPI) tool. A stock of simulated dif-
ferential settlements has been randomly applied at the base of the 
structural RC frames. Then, time by time, a non-linear incremental 
analysis procedure has been implemented by scaling up the amplitude of 
the imposed base displacements obtained by the simulation operation. 
The seismic safety assessment, implemented with reference to the LS-ls 
at each step of the analysis, has allowed to find the maximum differential 
settlements (or the deflection ratios) tolerable in code-based terms, 
through the use of the critical demand to capacity ratio at the onset on 
the selected ls. These results have allowed to propose analytical fragility 
curves in terms of the considered geometrical features, namely the 
number of floors and the span length. 

This work demonstrates that the geometrical features have a high 
impact on the frame vulnerability measures, when base differential 
displacements are applied. By observing the fragility curves results, the 
following considerations can be done. Structures with high number of 
floors or significant span length are more sensitive to settlements acting in 
purely horizontal direction. In the developed analyses, the worst con-
dition is for number of floors equal to 8 or span length equal to 6,00 m, 
while the vulnerability level becomes lower with the reduction of the 
heigh and/or of the plan dimensions of the building. The presence of a 
little vertical component, even if the horizontal one is always the most 
significant (pseudo-horizontal settlements case) produces a reversal in 
the fragility trends of the two considered geometrical parameters, 
meaning that lower or smaller buildings are more sensitive to vertical 
settlements. This is confirmed by the fact that exclusively vertical set-
tlements have the worst effect on structures with low number of floors or 
with little span length. In the developed analyses, the worst condition is 
for number of floors equal to 2 or span length equal to 3,50 m, improving 
with the increasing of the height and of the plan dimensions of the 
building. The presence of a little horizontal component (pseudo-vertical 
settlements case) induces a light improvement in the probability of 
failure for the structures in relation to the investigated differential 
displacements. 
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