
Soil Dynamics and Earthquake Engineering 84 (2016) 1–12
Contents lists available at ScienceDirect
Soil Dynamics and Earthquake Engineering
http://d
0267-72

n Corr
E-m

pucci.da
journal homepage: www.elsevier.com/locate/soildyn
Static vulnerability of an existing r.c. structure and seismic retrofitting
by CFRP and base-isolation: A case study

Fabio Mazza n, Daniela Pucci
Dipartimento di Ingegneria Civile, Università della Calabria, Via P. Bucci, 87036 Rende (CS), Italy
a r t i c l e i n f o

Article history:
Received 29 October 2015
Received in revised form
14 January 2016
Accepted 19 January 2016

Keywords:
R.c. framed structures
Static vulnerability
Base-isolation
Carbon fibre reinforced polymers
Nonlinear dynamic analysis
x.doi.org/10.1016/j.soildyn.2016.01.010
61/& 2016 Elsevier Ltd. All rights reserved.

esponding author.
ail addresses: fabio.mazza@unical.it (F. Mazza
niela@outlook.it (D. Pucci).
a b s t r a c t

The assessment of the static vulnerability under gravity loads of existing reinforced concrete (r.c.) framed
buildings is a serious problem that requires the use of reliable methodologies to evaluate ductile and
brittle mechanisms. The present work compares alternative formulations of member chord rotation and
section and joint shear strength, proposed by Italian and European seismic codes and guidelines and
other expressions available in the scientific literature. To this end, a r.c. framed building built sixty years
ago with bi-directional (perimeter) and mono-directional (interior) plane frames, originally designed for
five storeys then elevated to six during construction, is studied. A full characterization of the structure
and its materials is carried out by means of destructive and non-destructive methods. Then, retrofitting
based on the use of both innovative material, such as carbon fibre reinforced polymers (CFRP), and
technology, such as base-isolation, are adopted to improve the static and seismic performances of the
original structure. Finally, nonlinear analyses are carried out on a three-dimensional fibre model of the
original and retrofitted structures, where an elastic linear law idealizes the behaviour of the CFRP up to
tension failure and viscoelastic linear and bilinear models are used to idealize the behaviour of the
elastomeric and sliding bearings, respectively.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In general, the static vulnerability of old Italian reinforced
concrete (r.c.) framed buildings can be traced to degradation of the
material properties, due to the effects of time and earthquakes [1],
and low building standards, with insufficient attention to details
and poor quality control at the time of construction [2]. The
assessment of their structural weakness is complex due to a lack of
effective knowledge of the structure [3] and accuracy and relia-
bility of the capacity models available in the scientific literature for
evaluating failure mechanisms, both ductile, at member level, and
brittle, at section and joint levels. A lot of mechanical-empirical
formulations, calibrated in accordance with experimental data, is
available to evaluate ductile mechanism in terms of chord rotation
capacity [4]. Moreover, brittle mechanism at section level repre-
sents a typical problem in columns of r.c. existing framed struc-
tures designed in line with out-of-date seismic codes, where
capacity design criteria to avoid brittle failure modes were not
provided [5]. Finally, brittle failure mechanism at joint level is
observed in recent earthquakes, especially in cases of framed
),
structures designed for gravity loads only. The accuracy and
reliability of theoretical and empirical models available for evalu-
ating shear strength of beam-to-column r.c. joints can be found
in [6].

On the other hand, the seismic retrofitting of existing struc-
tures, in particular of r.c. framed buildings vulnerable under
gravity loads, represents a worrying problem requiring urgent
action [2]. To do this, many traditional methods [7], usually
adopting conventional materials and construction techniques (e.g.
r.c. shear walls, steel braces, steel encasing and concrete jacketing),
and modern methods [7–10] based on new techniques and
materials (e.g. wrapping by means of carbon fibre reinforced
polymers, base-isolation and energy dissipation), can be adopted
alone or in combination.

In the present work, a r.c. framed building built sixty years ago
with bi-directional (perimeter) and mono-directional (interior)
plane frames, originally designed for five storeys then elevated to
six during construction, is considered for the numerical investi-
gation. The static vulnerability of the original structure at the
ultimate life-safety (LS) limit state is preliminarily investigated.
More specifically, alternative chord rotation (at member level) and
shear strength (at section and joint levels) capacities are com-
pared, checking the consistency of the results and pointing out the
different response of these models. Uncertainties affect each one
of these models, as they often adopt simplified analytical

www.sciencedirect.com/science/journal/02677261
www.elsevier.com/locate/soildyn
http://dx.doi.org/10.1016/j.soildyn.2016.01.010
http://dx.doi.org/10.1016/j.soildyn.2016.01.010
http://dx.doi.org/10.1016/j.soildyn.2016.01.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soildyn.2016.01.010&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soildyn.2016.01.010&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soildyn.2016.01.010&domain=pdf
mailto:fabio.mazza@unical.it
mailto:pucci.daniela@outlook.it
http://dx.doi.org/10.1016/j.soildyn.2016.01.010


F. Mazza, D. Pucci / Soil Dynamics and Earthquake Engineering 84 (2016) 1–122
expressions and do not consider all relevant parameters [11–13].
Then, to improve the static response of the original fixed-base
structure (i.e. FB structure), carbon fibre reinforced polymer (CFRP)
flexural and shear wrapping of beams and columns is considered
(i.e. FBþCFRP structure). Finally, in order to retrofit the FB struc-
ture, in a high-risk seismic region, two alternative structural
solutions are examined based on a base-isolation system, with
elastomeric (i.e. HDLRB) and sliding (i.e. steel-PTFE) bearings,
acting alone (i.e. BI structure) or in combination with CFRP (i.e.
BIþCFRP structure). To evaluate the effectiveness of the retro-
fitting strategies, nonlinear analyses are carried out on a three-
dimensional fibre model of the original and retrofitted structures
[14].
2. Layout and simulated design of the original structure

In the present work, a residential r.c. framed building, built in
1955 and located in Cosenza (Calabria, Italy), is considered
(Fig. 1a). It is characterized by bi-directional (perimeter) and
mono-directional (interior) plane frames designed to comply with
the admissible tension method, in line with the R.D.L. 1939 [15]. It
Fig. 1. Test structure (
was designed as a five-storey building but elevated to six-storeys
during construction; square and C-shaped plans, with storey
heights of 4.25 m and 3.35 m, are considered at the first floor
(Fig. 1b) and the other floors (Fig. 1c and d), respectively.

Floor structures are made with cast-in-place mixed r.c. slabs
and semi-hollow blocks (i.e. A1 and A2 types) and r.c. solid slabs
(i.e. A3 type). The gravity loads are represented by: A1 dead loads
of 4.55 kN/m2, on the top floor, and 5.19 kN/m2, on the other
floors; A2 and A3 dead loads of 5.0 kN/m2 and 6.66 kN/m2,
respectively, on all floors; A1, A2 and A3 live loads of 2.0 kN/m2,
0.9 kN/m2 and 4.0 kN/m2, respectively. Infill walls are considered
regularly distributed in elevation along the perimeter, assuming an
average weight of about 2.4 kN/m2. Although the original design
drawings and reports are available, a field survey of the building
was performed because the current state highlights differences in
terms of in-plan and in-elevation geometry and position and
cross-section of frame members. It is worth noting that the deep
beams of the perimeter frames are characterized by a narrow
cross-section (i.e. bw¼20 cm). Results of pacometric tests done
have highlighted diameters of 14 mm–16 mm–18 mm and
12 mm–16 mm for columns and beams, respectively; a low
dimensions in m).



Fig. 2. Correlation between destructive and non destructive results.

Table 1
Dynamic properties of the original structure (m¼3686 t).

Mode Ti [s] mE,X [%m] mE,Y [%m]

1 1.28 59.75 0.03
2 1.10 0.34 80.04
3 1.04 17.92 0.84
4 0.48 8.62 0.00
5 0.43 0.00 11.21
6 0.32 7.29 0.00

Table 2
Mechanical properties of the CFRP sheets.

Ef [GPa] ffk [MPa] εfu [%] s [mm] L [mm]

Dry fibres 230 4800 1.9 0.083 100
Epoxy-bonded fibres 93 382 0.41 0.083 100
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confinement level of stirrups in terms of both spacing (18–20 cm)
and diameter (6 mm) is found for all members.

Three knowledge levels (KL) and corresponding confidence
factor (CF) are defined in Eurocode 8 [16] and NTC08 [17] seismic
codes. Specifically, a normal level of knowledge, characterized by
CF¼1.2, should be obtained by performing limited in-situ testing,
when information on the mechanical properties of the construc-
tion is available from original design specifications. In the present
work, in accordance with KL2, concrete properties are investigated
by means of destructive (i.e. core testing) tests and integrated with
the results obtained from non-destructive (i.e. sclerometric and
ultrasonic) tests. As known, core tests are not representative of the
in-structure property variations because only a limited number of
them can be carried out in practice. On the other hand, rebound
number (RN) and ultrasonic velocity (VU) methods are quick and
inexpensive, but they may provide unreliable predictions of con-
crete strengths when compared with core tests (Fig. 2). Therefore,
a mean value of the concrete cylindrical strength equal to
22.39 MPa is considered in the numerical investigation.

Steel properties are estimated in accordance with both speci-
fications of the original project and test certificates, without
removal of longitudinal reinforcement which could compromise
the integrity of the structural elements. Moreover, Italian stan-
dards in force at the time of construction [15] and types of steel
produced and used at that period are also verified; namely, since a
Aq50 steel was used, a mean value of yield strength equal to
300 MPa is assumed.

Then, to improve knowledge of the test structure the present
work uses a simulated design, with reference to the R.D.L. 1939.
The data are enriched with information based on the practical
rules and regulations applied at the time of construction [18,19].
Note that some elements of the original structure do not fulfil the
verification of the simulated design, with inadequate longitudinal
steel reinforcement of beams and cross-section dimension of both
columns and beams.

Finally, the dynamic properties of the six main vibration
modes, assuming a modulus of elasticity of the concrete equal to
4700fc0.5 MPa [14], are reported in Table 1: i.e. vibration period
(Ti); effective masses in the X (mE,X) and Y (mE,Y) directions,
expressed as percentage of the total mass (m).
3. Retrofit with CFRP wrapping and base-isolation

To improve the structural behaviour of r.c. frame members of
the original FB structure it was planned to strengthen these ele-
ments by wrapping them with composites. The design of the CFRP
was carried out according to the provisions of the new Italian
instructions (CNR-DT 200/2013, [20]), considering two cases: i.e.
CFRP acting alone (FBþCFRP structure) or in combination with the
base-isolation (BIþCFRP structure), to retrofit the original fixed-
base structure under gravity and seismic loads, respectively. To
this end, CFRP sheets are considered as externally bonded
strengthening materials for beams and columns. R.c. beams are
strengthened with one layer of CFRP fabric with bidirectional
texture, bonded on the tensile side to improve the ultimate posi-
tive bending moment, and with one layer transversal U-wraps
with bidirectional texture, to improve the shear capacity. R.c.
columns are confined continuously with one layer of CFRP fabric
with bidirectional texture, to improve both shear capacity and
ductility. Table 2 summarizes the following mechanical properties
of the dry fibres and fibres mixed with epoxy resin (i.e. epoxy-
bonded fibres) considered for the CFRP: Young's modulus (Ef),
tensile strength (ffk), ultimate strain (εfu), thickness (s), width (L).

In Table 3 the results of flexural design for positive moments of
the beams B33–34 and B30–39, on the 5th floor, are reported in
terms of number (nflex,g) and area (Aflex,g) of the CFRP. The same
table also reports the ultimate positive moment with strength-
ening (MRd,g

þ) and its ratio (αflex,g
þ) with the corresponding value

without strengthening with reference to the most stressed section
of the selected beams. Results of shear design for the same beams
are also shown in Table 4, where the number of U-wraps (nsh,g)
and their area (Ash,g) are reported. Moreover, the shear strength of
the strengthened beams (VRd,g) and its ratio (αsh,g) with the cor-
responding value without strengthening, evaluated as the sum of
contributions related to concrete and steel stirrups, are shown in
Table 4.

Finally, in Table 5 are reported results of the shear design with
reference to the columns C26 and C35, on the first storey, C34, on



Table 3
Flexural design of CFRP for beams.

Element FBþCFRP structure BIþCFRP structure

nflex,g αflex,g
[mm2]

MRd,g
þ

[kNm]
αflex,g

þ nflex,g αflex,g
[mm2]

MRd,g
þ

[kNm]
αflex,gþ

B33-34,
5th
floor

2 33.2 104 2.21 2 33.2 104 2.21

B30-39,
5th
floor

3 49.8 91 2.27 3 49.8 91 2.27

Table 4
Shear design of CFRP for beams.

Element FBþCFRP structure BIþCFRP structure

nsh,g Ash,g

[mm2]
VRd,g

[kN]
αsh,g nsh,g Ash,g

[mm2]
VRd,g

[kN]
αsh,g

B33-34, 5th
floor

2 33.2 153 1.38 3 49.8 174 1.55

B30-39, 5th
floor

2 33.2 128 1.36 3 49.8 145 1.52

Table 5
Shear design of CFRP for columns.

Element FBþCFRP structure BIþCFRP structure

nsh,c Ash,c

[mm2]
VRd,c

[kN]
αsh,c nsh,c Ash,c

[mm2]
VRd,c

[kN]
αsh,c

C26, 1st
storey

– – – – 3 49.8 98 1.58

C34, 2nd
storey

– – – – 1 16.6 85 1.31

C35, 1st
storey

– – – – 1 16.6 85 1.44

C33, 4th
storey

2 33.2 58 1.56 2 33.2 58 1.56

Table 6
Flexural verification for the floor slabs.

s [cm] hr [cm] br [cm] ir [cm] Md
þ [kNm] Md

� [kNm] αþ α�

4 18 12 62 11.8 14 0.97 0.99

Fig. 3. Base-isolated retrofitted
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the second storey, and C33, on the fourth storey. In detail, the
following parameters are presented: number (nsh,c) and area (Ash,

col) of the CFRP sheets; shear strength of the strengthened columns
(VRd,c) and its ratio (αsh,c) with corresponding value without
strengthening.

At all levels of the original structure, floor slabs do not require
strengthening with CFRP. More specifically, Table 6 illustrates the
results of the flexural verification, in terms of positive (Md

þ) and
negative (Md

�) design moments and their ratio with the corre-
sponding flexural strengths (i.e. αþ and α�). The following geo-
metric dimensions are reported: thickness of slab (s); height (hr),
width (br) and centre distance (ir) of the ribs. Further results,
omitted for brevity, confirm that the shear verification is also
satisfied.

For the purpose of retrofitting the original FB structure, given
high-risk seismic region and a medium subsoil class (i.e. class B,
site amplification factor S¼1.136), an in-parallel combination of
elastomeric (i.e. high-damping-laminated-rubber bearings,
HDLRBs) and friction (i.e. steel-PTFE sliding bearings, SBs) isolators
was considered (i.e. BI structure). Afterwards, local strengthening
of the base-isolated structure was carried out by wrapping beams
and columns with composite materials (i.e. carbon fibre reinforced
polymer, CFRP), to improve their flexural and shear capacities (i.e.
BIþCFRP structure). In the design of the base-isolated structure a
fundamental vibration period TIH¼4.0 s and equivalent viscous
damping ratio ξIH¼15% are assumed in the horizontal direction.
The proportioning of the base-isolation system was carried out on
the assumption that, besides the gravity loads, the horizontal loads
correspond to a behaviour factor q¼1.0; the acceleration design
spectrum is modified in the period range TZ0.8TIH, with
TIHZ3TBF, TBF¼1.28 s being the fundamental vibration period of
the same structure on fixed-base. As shown in Fig. 3, the BI ret-
rofitted structure is supported by 22 HDLRBs and 24 steel-
PTFE SBs.

More specifically, perimeter and interior HDLRBs are assumed
with the same dimensions in the building plan, for the sake of
simplicity and in order to obtain a larger torsional stiffness. The
design of the in-parallel combination of HDLRBs and steel-PTFE
SBs is carried out in order to increase the secondary shape factor of
the elastomeric bearings in comparison with the solution adopting
only HDLRBs. To this end, a value equal to 0.534 is assumed for the
nominal sliding ratio αS0(¼FS0/FS0,max) of the SBs under gravity
loads, defined as the global sliding force (FS0) divided by the
maximum sliding force (FS0,max); this latter one evaluated sup-
posing that sliding bearings are placed under each column. Finally,
the in-plan arrangement of HDLRBs and SBs is assumed in order to
structure (mtot¼ 4386 t).



Table 7
Geometric properties of the HDLRBs.

D [mm] ti [mm] ni ts [mm] ddC [mm]

645 8 33 2 290

Table 8
Results of the verifications for the HDLRBs.

S1 S2 γs γtot,max Vcr/Vmax Vcr [kN]

19.97 2.43 1.10 3.05 2 2760
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limit, at the foundation level, the eccentricity between the stiffness
centre of the base-isolation system and the projection of the
centre of mass of the superstructure.

In detail, the HDLRBs fulfil the ultimate limit state verifications
regarding the maximum shear strains: i.e. γtot¼γsþγcþγαr5 and
γsr2, where γtot represents the total design shear strain, while γs,
γc and γα represent the shear strains of the elastomer due to
seismic displacement, axial compression and angular rotation,
respectively. Moreover, the maximum compression axial load (P)
did not exceed the critical load divided by a safety coefficient equal
to 2.0. The critical buckling load was evaluated as a function of the
original S1 (e.g. S1Z12 is a conservative assumption to reduce the
vertical deformability) and secondary S2 (e.g. S2Z4 is a con-
servative assumption against buckling) shape factors [21]. The
minimum tensile stress (σt) resulting from the seismic analysis
was assumed as 2G(¼0.8 MPa, for a shear modulus of the elasto-
mer G¼0.4 MPa). Finally, the volumetric compression modulus of
the rubber (i.e. Eb) is assumed equal to 2000 MPa. Table 7 reports
the following geometric and mechanical properties: diameter of
the bearing (D); thickness of a single elastomeric layer (ti); number
of elastomeric layers (ni); thickness of a single steel shim (ts), with
a yield strength of 255 MPa; displacement at the collapse pre-
vention limit state (ddC).

Table 8 displays the results of the ultimate collapse prevention
limit state verifications for the HDLRBs. It is worth noting that the
design of the isolators depends on the conditions imposed on the
maximum values of γtot and γs and the buckling control; no tensile
forces were found in the isolators.
4. Capacity models of r.c. frame members and joints

To evaluate the vulnerability of frame members and joints of the
original structure, the capacity models provided by the Italian
(NTC08, [18]) and European (Eurocode 8, [17]) seismic codes and
other guidelines (CNR-DT 212/2013, [22]) and expressions [6]
available in the scientific literature are considered. Most of these
formulae are calibrated in line with experimental results, thus
requiring practical application for vulnerability assessment of
existing structures to evaluate their effectiveness. At the ultimate
life-safety (LS) limit state, ductile modes of r.c. frame members will
be checked in terms of chord rotation while the brittle ones will be
assessed in terms of shear strength at section level, both referring to
the expressions proposed by the above mentioned codes and
guideline. The aim of this first choice is to check the consistency of
the results obtained applying the three codes proposed. Moreover,
many analytical models are currently available for evaluating the
shear capacity of beam-to-column joints in r.c. framed structures.
Main objective of the second choice is to verify the reliability of the
simplified approaches adopted by the Italian and European codes.

Ductile modes of the original structure are checked through the
evaluation of the chord rotation at the end sections of each r.c.
frame member. Chord rotation capacity depends both on the
geometric and mechanical properties of the frame member and on
the gravity and seismic loads. The expression of the member chord
rotation provided by NTC08 [18] and EC8 [17] is compared with
the ones proposed by Zhu [23] and Haselton [24] and reported in
the CNR-DT 212 guidelines [22]. In detail, the ductile mechanism is
reached at the member level when the maximum value of the
chord-rotation demand (θmax) is equal to the corresponding ulti-
mate value. To take into account the bi-directionality of chord
rotations, the following threshold curve is considered for columns

θ
ðXÞ� �2

þ θ
ðYÞ� �2

¼ 1 ;θ
ðqÞ ¼ θðqÞ

max=θ
ðqÞ
u ; qAðX; YÞ ð1Þ

Brittle modes of the original structure are assessed at the sec-
tion level through the evaluation of the shear capacity at the end
sections of each r.c. frame member. The expressions proposed by
NTC08 and EC8 are compared with that proposed by Sezen and
Moehle [25] and recommended in the CNR-DT 212 guidelines [22].
A check for the brittle mechanisms is performed at section level,
through the evaluation of the maximum shear demand (Vmax) and
the corresponding capacity at the two ends of each structural
member:

V
ðXÞ� �2

þ V
ðYÞ� �2

¼ 1 ;V
ðqÞ ¼ V ðqÞ

max=V
ðqÞ
u ; qAðX; YÞ ð2Þ

It is worth noting that dimensionless chord rotation (θ) and
shear force (V) along the major axis of the cross section are con-
sidered for the beams.

Finally, brittle modes of the r.c. joints are evaluated adopting
the capacity models proposed by NTC08, EC8 and empirical
expressions proposed by Hegger [26] and Kim [27]. To this end, the
damage observed in the r.c. beam-to-column joints was investi-
gated considering the shear strength (V) and the principal stresses
of the concrete (σ). To this end, dimensionless nodal resistances

JV ¼ Vmax=Vu ; Jσ ¼ σmax=σu ð3Þ
are evaluated in the perimeter, corner and interior joints.
5. Numerical results

In order to study the nonlinear behaviour of the original and
retrofitted structures above described, three-dimensional fibre
models are considered [14]. Force-based fibre elements for beams
and columns and special elements for CFRP-wrapping of the frame
members (Fig. 4a) and elastomeric (i.e. HDLRBs) and friction (i.e.
SBs) isolators (Fig. 4b) are considered in the SeismoStruct com-
puter program. In detail, each frame member is modeled with a
force-based element, considering five integration sections to cap-
ture the inelastic behaviour along the entire length. Square and
rectangular cross-sections are subdivided into 100 fibres. The low
confinement level of stirrups is not incorporated in the concrete
model [28], while the cyclic behaviour of concrete is described
[29]; moreover, the reinforcing longitudinal steel is modeled with
a bilinear law. In the nonlinear dynamic analysis the integration of
the equations of motion is accomplished using the implicit itera-
tion algorithm proposed by Newmark, with a time stepΔt¼0.01 s
and an automatic time-step adjustment for optimum accuracy and
efficiency [14]. Moreover, P-delta effects are also taken account.

Viscoelastic (linear) force-displacement laws idealize the
behaviour of the HDLRBs (Fig. 4c), in the horizontal (F-uH) and
vertical (P-uV) directions, while a rigid-plastic law, with a friction
threshold Ff equal to a friction coefficient (μ) multiplied by the
vertical load (P), is considered for the steel-PTFE sliding bearings
(Fig. 4d). An elastic linear law idealizes the behaviour of the CFRP
up to tension failure, without post-peak response and resistance in



Fig. 4. Modeling of the test structure.

Fig. 5. Dimensionless chord rotation for the FB structure under static loads.
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compression. (Fig. 4e). The rigid in-plane stiffness of the floor slab
is modelled as a rigid diaphragm with elastic truss elements.
Finally, masonry infills are considered as nonstructural elements
and their contribution is neglected in the nonlinear analysis of the
retrofitted structures.

First, a numerical investigation is carried out to study the vul-
nerability of the original structure under gravity loads. The flexural
response of the test structure was examined in Fig. 5, with refer-
ence to columns, at first (Fig. 5a) and third (Fig. 5b) storeys, and
beams, at fifth floor (Fig. 5c).

More specifically, in line with the Italian and European (EC8-
NTC08), Zhu and Haselton models, the dimensionless chord rota-
tion was evaluated for the most stressed structural elements: i.e.
lateral (C41 and C37), corner (C40), central (C34) and stair (C16)
columns shown in Fig. 1b and c; perimeter and interior deep
beams, along the in-plan X (B40-41 and B21-22) and Y (B31-33
and B8-14) directions, and flat (B32-32*) and stair (B15-16) beams
shown in Fig. 1c. The chord rotation dimensionless threshold was
also plotted with a red line in Fig. 5b and c. As can be observed,
almost all frame members satisfy the LS limit state and a “strong
column-weak beam” mechanism is obtained due to the greater
values of θ for the beams. In the case of the columns, the EC8-
NTC08 and Zhu models provide, respectively, the lowest and
highest values of dimensionless chord rotation. Moreover, unrea-
listically negative or small values of ultimate chord rotation are
obtained adopting the Zhu model for the columns, when high
values of the ratio between the spacing of the stirrups and the
section depth and the normalized axial load are considered. This
happens for the columns C37, whose dimensionless chord rotation
Fig. 6. Dimensionless shear force for th
is not reported, and C34, both at third storey (Fig. 5b). On the other
hand, only slight differences of θ are generally obtained when
different models for the beams are assumed (Fig. 5c). As expected,
the B32-32* flat beam is resulted more deformable than deep
beams shown in Fig. 5c.

Analogous results are reported in Fig. 6, with reference to the
maximum shear force in the columns, at second (Fig. 6a) and
fourth (Fig. 6b) storeys, and beams, at fifth floor (Fig. 6c). In this
case, the EC8, NTC08 and Sezen and Moehle models are compared,
considering: lateral (C33 and C35), corner (C40), central (C34) and
stair (C15 and C16) columns shown in Fig. 1b and c; perimeter and
interior deep beams, along the in-plan X (B40-41 and B33-34) and
Y (B30-39 and B8-14) directions, and flat (B32-32*) and stair (B15-
16) beams shown in Fig. 1c.

Also in this case, maximum shear forces less than the corre-
sponding ultimate values were achieved for almost all the col-
umns, but a wide variation of the dimensionless shear force is
found when using different models (e.g. see columns C35 and C33
in Fig. 6a and b, respectively). Beams exceeded their shear
thresholds, especially when the EC8 model was adopted, while
comparable values of V were obtained when the NTC08 and Sezen
and Moehle models were considered (Fig. 6c). Generally, EC8
model resulted more conservative than the other models. More-
over, for all capacity models, lateral and central columns shown in
Fig. 6a and b are characterized by higher values of dimensionless
shear force than those observed in the corner and stair columns;
similar result is also obtained for the B33-34 and B30-39 beams,
with a narrow cross-section, in comparison with the other beams
reported in Fig. 6c.
e FB structure under static loads.



Fig. 7. Dimensionless nodal resistance for the FB structure under static loads.

F. Mazza, D. Pucci / Soil Dynamics and Earthquake Engineering 84 (2016) 1–128
Next, the damage observed in the r.c. beam-to-column joints
was investigated in Fig. 7, considering the shear strength (V) in the
EC8, Hegger and Kim models and the principal stresses of the
concrete (σ), in tension (NTC08-t) and compression (NTC08-c).

To this end, dimensionless nodal resistances in the perimeter
(J22, J27 and J43), corner (J4, J6, J35 and J40) and interior (J20 and
J32) unreinforced joints were plotted along the in-plan X (Fig. 7a,
c, and e) and Y (Fig. 7b, d, and f) directions. As expected, the results
scattered considerably for the different expressions, because of the
numerous set of geometric and mechanical parameters influencing
the structural response of r.c. joints, which are often calibrated on
a rather limited number of experimental results. It is worth noting
that the EC8 model fails in some cases: e.g. see joint J27 in Fig. 7b,
whose EC8 value is not reported; moreover, NTC08-c and NTC-t
models are often too conservative in comparison with the other
models.

The percentage of columns and beams satisfying the EC8 shear
threshold along the building height is reported in Fig. 8a. It is
worth noting that almost 100% of the columns are found to verify
the shear threshold, contrary to 10% of the beams for the first five
floors. The percentage of joints satisfying the EC8 shear threshold
at the floor levels is reported in Fig. 8b, which distinguishes the in-
plan X and Y directions. Note that the joints are more vulnerable
along the Y direction, with the only exception being on the third
floor. Further results, omitted for the sake of brevity, confirm a
percentage of beams and columns verified to the EC8 flexural
threshold equal to 100%.

Then, the static behaviour of the fixed-base CFRP-retrofitted
(i.e. FBþCFRP) structure is examined under gravity loads, checking



Fig. 8. Percentage of elements and joints satisfying the EC8 shear threshold for the FB structure.

Fig. 9. Shear verification of the beams for the FB and FBþCFRP structures under static loads.
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the shear threshold imposed by EC8. To this end, maximum values
of the dimensionless shear force are plotted in Fig. 9a, with
reference to the most stressed column (i.e. C33 at fourth storey)
and beams (i.e. B30-39 and B33-34 at fifth floor) highlighted in
Fig. 6b and c, respectively.

Note that an effective increase in ultimate shear force, with a
dimensionless value less than 1, is obtained for the FBþCFRP
retrofitted structure in comparison with the original (i.e. FB)
structure. Moreover, the percentage of beams satisfying the EC8
shear threshold along the building height is reported in Fig. 9b. As
shown, the total amount of these elements verifies the shear
threshold at all floor levels in the FBþCFRP structure, contrary to a
small percentage in the case of the FB structure.For the purpose of
retrofitting the original structure to attain the performance levels
imposed by NTC08 in a high-risk seismic zone, innovative tech-
nology, such as base-isolation with HDLRBs and SBs, and innova-
tive materials, such as CFRP, are adopted in the present work.

To evaluate the effects of the proposed retrofitting technique
on the seismic response of the original structure, nonlinear
dynamic analysis is carried out considering two horizontal accel-
erograms applied simultaneously along the X and Y principal
directions of the building plan (see Fig. 3a). In accordance with the
minimum number of artificial motions imposed by EC8 [16] and
NTC08 [17], three pairs of accelerograms, each with a duration of
the stationary part equal to 10 s and a total duration of 25 s, are
generated using the computer code SIMQKE [30]. In Fig. 10a and b
the acceleration (elastic) response spectra of these motions are
compared with that adopted by NTC08 for the life-safety (LS) limit
state, assuming an elastic viscous damping ξ¼15%. As shown, the
response spectra of the simulated accelerograms match NTC08
spectrum in the range of vibration periods 0.05–5 s, which also
contains the lower and upper limits of the vibration period pre-
scribed by NTC08 for base-isolated structures (i.e. Tmin¼0.2TI,H and
Tmax¼1.2TI,H, where TI,H is the fundamental vibration period of the
isolated structure).

In Table 9, taking into account the assumptions made with
regard to seismic intensity (i.e. high-risk) and medium subsoil
class (i.e. class B), the following main data are also reported at the
LS limit state provided by NTC08: peak ground acceleration on
rock, ag; maximum spectrum amplification coefficient, F0; vibra-
tion period that marks the start of the constant velocity branch of
the design spectrum, T*C; site amplification factor, S¼SS � ST. It is
worth noting that the bi-directionality of the horizontal seismic
loads induces bi-directional chord rotation and shear force in the
columns, while the effects of in-plan irregularity of the structural
configuration are limited in the BI and BIþCFRP structures due to
the effectiveness of the base-isolation system to reduce torsional
rotations of the superstructure. All the following results are
obtained as an average of those obtained separately for each pair
of artificial motions.

Dimensionless shear force of the base-isolated retrofitted
structures without (i.e. BI) and with (i.e. BIþCFRP) local strength-
ening of the frame members is plotted in Fig. 11, to check local
damage in the columns of the first (C26 and C35), second (C34) and
fourth (C33) storeys (Fig. 11a) and beams of the fifth floor level
(Fig. 11b). It is interesting to note that the BI retrofitted structure
proves unable to avoid EC8 brittle failure of the frame members,
while an overall increase in shear force resistance is obtained in the
case of the BIþCFRP retrofitted structure. It should be noted that
CFRP wrapping is activated only for the horizontal seismic loads,
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also considering the gravity loads of the foundation level above the
isolation system. Further results, omitted for the sake of brevity,
confirm that the BIþCFRP structure satisfies flexural failure modes
imposed by EC8, while the BFþCFRP structure is found to be
Fig. 10. Acceleration (elastic) response spectra of artificially generated ground
motions.

Table 9
Main data to evaluate the horizontal seismic loads.

ag (g) F0 T*C [s] S

0.271 2.432 0.372 1.136

Fig. 11. Maximum dimensionless shear force for the
ineffective in controlling the EC8 shear force threshold in beams
and columns, due to seismic loads higher than in the BIþCFRP
structure.

As in confirmation, the percentage of elements satisfying the
EC8 shear threshold along the building height is reported in Fig. 12
for the BI and BIþCFRP retrofitted structures, distinguishing
between columns (Fig. 12a) and beams (Fig. 12b). It is worth noting
that almost 100% of columns are found to verify the shear
threshold in the BI structure, unlike a small percentage of beams,
less than 10%. The retrofitted BI structure therefore requires a
combination with CFRP local strengthening to control the shear
threshold of the beams (Fig. 12b).
6. Conclusions

The investigation focuses on critical aspects in the evaluation of
the static vulnerability and seismic retrofitting of a residential six-
storey r.c. framed building built in 1955. The present work starts
surveying the structure and its materials and a simulated design
with reference to the codes in force at the time of construction.

A nonlinear static analysis under gravity loads is carried out
considering a three-dimensional fibre model of the original
structure, to investigate ductile, at member level, and brittle, at
section and joint level, mechanisms. The following conclusions can
be drawn from the results.

– The percentage of structural elements verifying the dimension-
less chord rotation is equal to 100%, with reference to EC8-
NTC08 and Haselton models, while an unrealistically negative
value of the ultimate chord rotation can be obtained for the
columns adopting the Zhu model. On the other hand, only slight
differences of θ are generally obtained when different models
for the beams are considered.

– Shear forces less than the corresponding ultimate values are
achieved for almost all columns, but a large variability of the
dimensionless shear force is found to be when EC8, NTC08 and
Sezen models are used. Moreover, beams exceed their shear
thresholds, especially when the EC8 model is adopted, while
comparable values are obtained for the NTC08 and Sezen
models. It is worth noting that almost 100% of the columns are
found to verify the EC8 shear threshold, contrary to 10% of the
beams for the first five floors.

– A large scatter in the nodal resistance of perimeter, corner and
interior unreinforced joints is obtained for the EC8, NTC08,
BI and BIþCFRP structures under seismic loads.



Fig. 12. Percentage of elements satisfying the EC8 shear threshold for the BI and BIþCFRP structures under seismic loads.

F. Mazza, D. Pucci / Soil Dynamics and Earthquake Engineering 84 (2016) 1–12 11
Hegger and Kim models, because of the numerous set of geo-
metric and mechanical parameters influencing the structural
response of r.c. joints, which are often calibrated on a rather
limited number of experimental results. It is worth noting that
the EC8 model fails in some cases, while NTC08-c and NTC-t
models are often too conservative. At first four levels the joints
are more vulnerable along the Y direction, with the only
exception being on the third floor.

Vulnerability of the original structure under gravity loads can
be removed with local CFRP external strengthening of columns
and beams. More specifically, an effective increase in ultimate
shear force, with a dimensionless value less than 1, is obtained for
the FBþCFRP structure in comparison with the FB structure.

Then, for the purpose of retrofitting the test structure in a high-
risk seismic zone, two retrofitting solutions are considered from
the original structure, by incorporating base-isolation either alone
or in combination with CFRP (i.e. BI and BIþCFRP structures). Even
though more case studies are still needed to validate the overall
results, the following conclusions can be drawn from the com-
parison of the nonlinear dynamic biaxial responses. The BI struc-
ture is satisfactory as regards the flexural failure modes imposed
by EC8 but it proves to be unable to avoid EC8 shear failure of the
beams. Almost all columns are found to verify the shear threshold
in the BI structure, but only a small percentage of the beams, less
than 10%. As expected, the BFþCFRP structure is ineffective in
controlling the EC8 shear force threshold in beams and columns,
due to seismic loads higher than in the BIþCFRP structure. On the
other hand, an overall increase in shear force resistance is
obtained in the case of the BIþCFRP structure. As shown above,
the BI and BFþCFRP structures are ineffective in controlling cer-
tain limit states and thus the BIþCFRP structure is required.
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