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The use of external steel bracing systems (named exoskeletons) has recently emerged as a convenient technique
for seismic upgrading of existing RC structures, as it possibly limits disturbance or interruption of building oc-
cupancy. However, although some conceptual formulations of the design problem can be found in the scientific
literature, there are no universally accepted design criteria. The present paper highlights how alternative design
choices can reverberate their effects on (i) the seismic performance of the upgraded structural system, (ii) its

economic and ecological impact. For the sake of simplicity and consistency with the most common approach of
practicing engineers, the present study adopted a force-based seismic design approach. The critical discussion
proposed herein was obtained by varying the intensity of the seismic base shear force adopted for the exoskeleton
design. Results of the design assessment show that the adoption of larger values of exoskeleton seismic design
forces may not be the most suitable choice, especially if economic and ecological impacts are taken into account.

1. Introduction

According to a recent report by the European Environmental Agency,
Europe exhibits the highest proportion of land use among all continents
worldwide [1]. In addition, policymakers are actively promoting the
refurbishment and reuse of older constructions instead of their demoli-
tion and reconstruction. Furthermore, recent assessments conducted by
the Italian society of engineers have indicated that substantial in-
vestments are required to improve the safety of the numerous existing
buildings in Italy, due to the fact that merely 2% of these structures were
constructed after the year 2000, when more stringent technical stan-
dards were introduced [2].

In order to tackle this matter, several experimental campaigns have
been conducted over the past few decades to evaluate the efficacy of
different kinds of intervention techniques, leading to the development of
the fib bulletin 24 [3]. The bulletin categorizes structural interventions
into two main classes: on one side, “member-level” techniques aim to
improve capacity in deficient members, while, on the other side,
“structure-level” techniques are intended to reduce demand on the
existing structure.

With regard to the structure-level techniques, among the various
possibilities, the use of additional bracing systems is usually regarded as
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a suitable choice for structures exhibiting insufficient lateral stiffness
and/or resistance. New braces can be placed either internally i.e., inside
the existing reinforced concrete (RC) frames, as “endoskeleton” [4], or
externally as an entirely new steel frame referred to as “exoskeleton”. In
either case, multiple options are available for the bracing system, i.e.
traditional vs. advanced bracing systems [5-10]. It is worth noting that a
steel exoskeleton can be financially advantageous when there is a need
to simultaneously enhance the energy efficiency of the building and
when occupancy disruption should be avoided. However, it may be
considered a viable solution only in cases where the building is located
at sufficient distance from other structures [11-14]. Furthermore, in the
field of energy and seismic upgrading of existing structures, it is possible
to find in literature some explicative case studies related to this topic,
taking into account the influence of infill walls as well [15,16].
Although numerous authors have addressed the conceptualization of
the seismic retrofit problem [17], also regarding it as an optimization
problem [18], it is worth noting that most of the currently available
seismic design codes do not offer explicit design guidelines for a hybrid
structure consisting of a reinforced concrete (RC) frame and a steel
concentrically braced frame. One of the potential reasons for the lack of
general design criteria in modern codes, as well as in the scientific
literature, may be the large number of design variables, resulting in the
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difficulty to find a generally applicable solution. One relevant issue
arising from preceding studies is the frequent need for a combination of
local (i.e., member-level) and global (i.e., frame-level) interventions to
reach modern code upgrading requirements [19]. Among the member
level techniques, the use of FRP strengthening methods [20-23] is
certainly an internationally recognized advantageous approach. More-
over, another relevant issue usually arising in the case of existing
structures is the commonly adopted assumption of floors behaving as
rigid diaphragms. Especially, when adopting steel exoskeletons located
only at the perimeter of the building, this assumption might be ques-
tionable and should deserve research investigations [24,25].

To capture properly the efficiency of such upgrading interventions, it
is in fact mandatory to model accurately the nonlinear behaviour of the
existing structure equipped with exoskeletons. For instance, if a tradi-
tional concentrically braced frame (CBF) is selected, a proper nonlinear
model of brace elements and their connections should be considered for
structural design and analysis, as buckling and post-buckling phenom-
ena can have adverse effects on the overall performance of the enhanced
structure [26]. Besides, it might be suitable to perform nonlinear static
(pushover) analyses, that are frequently employed for simulating the
seismic response of structures, as they require neither accelerometric
signals nor cyclic stress-strain relationships and it is sufficiently accurate
to predict the overall response if higher vibration modes do not affect
significantly the response [27-30].

The purpose of this study is to provide an overview of the multifar-
ious aspects that can influence the practitioner decision-making process,
with respect to design choices and seismic performance parameters, as
well as taking into consideration the economic cost and environmental
impacts of the interventions. To this aim, Section 2 describes the design
methodology utilized for all the upgrading interventions, Section 3
provides relevant details about the modelling and assessment criteria
utilized for both the existing and new structures, Section 4 presents a
general description of an archetype existing structure to be upgraded.
Lastly, Section 5 reports the most relevant results obtained through a
pushover-based assessment of the upgraded structures, considering also
their economic and ecological costs, whereas Section 6 summarizes the
outcomes of the work with some conclusive remarks.

2. Design of the upgrading interventions

The current section illustrates the design criteria adopted for the
upgrading interventions, including the new steel CBF exoskeletons, as
well as the additional required interventions at member and foundation
level.

First, the criteria to evaluate the design base shear forces for the CBFs
are presented. Subsequently, a detailed description of the criteria
adopted to evaluate internal forces acting on braces, beams and columns
of the CBF system is provided. Eventually, the criteria to design the
additional interventions, such as local-level strengthening with FRP and
foundation design for the new steel exoskeleton, are described.

2.1. Design criteria for steel exoskeletons

2.1.1. Design values of the base shear forces

As outlined in the introductory section of this paper, the current
seismic design codes do not provide explicit design rules for the hybrid
structural system comprising an older existing RC frame (usually with
insufficient seismic resistance and lacking seismic details) and a new
steel exoskeleton. Although a displacement-based approach is a logical
and more straightforward option for designing such upgrading in-
terventions, it requires quite a specialistic knowledge of the analysis
methodologies. This specialization might be the reason why the
spreading of a displacement-based approach among practitioners ap-
pears still limited. Therefore, the more commonly adopted force-based
approach was selected for the present study.

This study investigates the effect of the design shear force of the
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exoskeleton on the resulting performance of the upgraded RC frame.
Therefore, three design scenarios were explored. In a first scenario, it
was assumed that the CBFs are the sole structural system resisting
seismic forces. In other words, it was assumed that the designer would
calculate the total base shear force of the system comprising both the
older building and the new steel structure, while designing the new steel
structure to resist this entire value of the lateral force. Instead, in a
second and third scenarios, the intensity of the base shear force utilized
to design the CBFs was obtained by multiplying the base shear force,
determined as for the first scenario, by factors assumed equal to 0.75 and
0.50 respectively. This approach allowed to modulate the stiffness and
resistance of the new steel structure relative to the existing RC frame
structure.

The starting point of the design was the elastic design spectra given
by the Italian technical code for the considered construction site [31].
Consequently, in the case of “Scenario 1”, the exoskeletons were
designed using the following equation, which is provided by Eurocode 8
[32]:

Sa(Ti.cors, PGAsp) </1m ) 6F0’71'S'PGASD &)
- tor |0

qcBFs

Vbd.Scenariol = (Amml> -6

qcBFs

In Eq. (1) the symbols have the following meaning:

2 (equal to 0.85 in the current application) accounts for the fact that
in buildings with at least three storeys (and, no torsional effects) the
effective modal mass of the fundamental mode is smaller than the
total building mass, on average by 15%;

Myt is the total mass of the structure in the seismic load combination;
§=1.3 is an amplification coefficient representing the effect of
accidental torsional effects;

Sa(T1 cBrs, PGAsp) is the Severe Damage (SD) limit state spectral
ordinate corresponding to the fundamental period of the structure,
which is estimated as T; cgrs = 0.05-H3/# (H being the height of the
structure expressed in meters);

PGAgp is the Peak Ground Acceleration for SD limit state;

gcars is the behaviour factor, which is equal to 4 in case of CBFs;

- Fy is a site amplification factor, equal to 2.29;

n is a damping factor, which was always assumed equal to unity for
an equivalent elastic viscous damping ratio of 5%;

- S considers the type of soil and is equal to 1.34 for the SD Limit State.

However, since there is no clear and generally accepted method to
estimate the fundamental periods of the hybrid RC frame structures with
steel bracing, the adoption of the maximum spectral ordinate is ad-
vantageous, because it allows for an easier parametric design and
analysis of the upgrading interventions.

For the remaining two design scenarios, the design shear force ob-
tained by means of Eq. (1) is reduced to account roughly for the
contribution of the existing RC structure:

Vid,scenarioz = 0.75- Vi scenariol (2

Vi scenarios = 050 Vi scenariol 3

Therefore, in the present study Scenarios 1, 2 and 3 are also referred
to as “F100”, “F75” and “F50”.

2.1.2. Design of steel exoskeletons

In the following description, reference is made to an individual 2D
braced frame with two separate diagonal brace members. It is assumed
that the distribution of the total base shear force for the entire building
among the individual braced bays has been carried out according to
some simplified analysis of the plan distribution of the braced bays. The
design value of the base shear force for the individual braced bay is
indicated again by the symbol V4, to simplify the notation.

Once the base shear force on the individual braced bay was calcu-
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lated, the distribution of the storey shear forces was assumed according
to the well-known approximation shown by Eq. (4):

Nyt

> 5 W
J=i

" Via (€]
> 5W

Jj=1

v =

where Vi is the i-th storey shear force, zj represents the height of the j-th
storey with respect to the top of the foundation level, W; denotes the
seismic weights of the j-th storey, V34 is the total base shear force for the
design and ng is the number of storeys.

Subsequently, for each storey, the diagonal brace members were
designed to withstand the equivalent static shear force while neglecting
the contribution of braces in compression. The assumption to neglect
compression braces follows the suggestion of the current Italian seismic
code [31], which in turn reproduces the proposal of the former Eurocode
8 [32]. This choice was made to reproduce the typical practice followed
by designers in the last few years in Italy. Consequently, the design value
of the brace axial (tension) force Nf,ir),d was evaluated by means of Eq. (5):

VO,

NDy g =—"T—
brd cos(aty,,)

(5)

where ay, is the brace angle formed with the horizontal axis at the i-th
storey and, vg?, the storey shear force derived from Eq. (4). In addition to
the resistance check, the design of the diagonal braces is influenced by
the code limitations onto the overstrength ratio £2. The overstrength
ratio is defined as the ratio between the tension plastic resistance Ny gq
= A-fyx/vmo (being A the cross section area, fyx the characteristic value of
steel yielding strength and ypp a partial safety factor for tension resis-
tance) and the corresponding axial force demand given by Eq. (5). In
fact, indicating by 2, and £2pq the minimum and maximum values of
Q, the code stipulates satisfaction of the requirement shown by Eq. (6):
'(M <0.25 6)

In addition, the code provides a limit value to the brace slenderness
4, which should satisfy Eq. (7):

Z:,/&:f\/fzgz.o )
N, =n

where N, is the Eulerian buckling load.

After selecting the diagonal brace cross sections, the design of beams
and columns (“non-dissipative” members) was carried out. To this aim, a
limit analysis approach was followed [33], considering the two limit
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conditions schematically represented in Fig. 1:

- the first design scheme adopted, depicted in Fig. 1(a), is based on the
assumption that compression braces respond with their expected
initial buckling axial force resistance, defined as y-N@,, =
2V ovYao-N® brpLRd> Where y,, is a material overstrength factor, yap is
a partial safety factor for tension resistance and y is the reduction
factor due to flexural buckling. The current Italian seismic code
stipulates y,, = 1.25, and ypg = 1.05;

secondly, the structural scheme, as shown in Fig. 1(b), considering that
tension braces develop their expected plastic resistance N(i)br,e,t =

yov~yM0-N(i)p1_Rd, whereas compression braces retain a residual post-
buckling axial force capacity equal to 30% of the expected buckling
(initial) capacity, NWp, 5. = 0.3-N®p, .. = 0.3.y-NDy, ., (with the
same meaning as previously used symbols).

Indeed, recent analytical studies have demonstrated that CBFs
conventionally designed using elastic design methods may experience
significant damage or even structural failure when subjected to design
level ground motions [34,35]. Moreover, it is worth noticing that the
approach adopted for brace and beam-column sizing is consistent with
research works relevant to this topic, assuming a global collapse
mechanism of the structure and a post-buckling brace axial force pro-
portional to the inter-storey drift, estimated through some simplified
assumptions [36].

Thus, projecting the sum of the two aforementioned brace contri-
butions onto the horizontal direction and applying the horizontal force
equilibrium condition, the storey shear forces (and, subsequently the
storey lateral forces) corresponding to the considered state (Fig. 1) of the
braced frame can be evaluated as follows:

bV =200NO,, e cos(a?y,) ®
AV = (N(”m.r +N<[)br.re\',c>' cos(a;,) ©)

A-(vg’” - VS*”) if i < ny

MFY = .
v if i = n,

(10)

where, with reference to the i-th storey, Vg and Fg represent the shear
force and horizontal force respectively, ay, is the brace angle onto the
horizontal axis and, 45 and Ay respectively represent the multipliers of
the horizontal actions for the two schemes in Fig. 1(a) and Fig. 1(b)
respectively.

Once such forces have been evaluated, it is possible to determine the

i+1)
kplP{E_.

A FE

|2
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(b)

Fig. 1. Storey force evaluation.
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design axial loads acting on both internal and external columns, as fol-
lows. For the scheme shown in Fig. 1(a) the axial load acting on the
external columns is obtained by the following equations:

Nt
Z Z(/) 'N(,)hr.e.z'Sin (a(/)br) if i < Ny

NU)Ed,ml,exl,b = j=itl
0 if i = ny
an
B N ) ) o
0 Z Vi ~tan(a br) if i < ng
= Jj=i+1
0 if i =ny

Conversely, for the scheme shown in Fig. 1(b), the axial load acting
on the external columns are obtained using the following equations:
N brores.c*SIN (am b,) for external columns in compression

0 )~
N )Ed.rol.cxl.bf

Nt
Z NO bpregtSIN (a(’) b,) for external columns in tension
j=i

(12)

Z (Ntobm _NO brres) - SI (am ») 13)

J=i

(i —
N g ot int o=

Finally, beam axial loads were evaluated, distributing the total story
force to the three joints of the two braced bays and, subsequently
distributing the force applied at the internal joint to the two adjacent
beams:

, il o FY
N g o = = | V) =2 1
Ed,be 3 ( g T 3 a4

Adopting Egs. (12-14), the cross sections of beams and columns can
be selected by checking their strength and stability.

2.2. Additional interventions

As mentioned in the introduction, to obtain a complete picture of the
upgrading process, it is fundamental to account also for any required
upgrading interventions for the existing RC super-structure as well as at
the foundation level.

2.2.1. Local interventions on RC beam-column joints

Joint strengthening was considered, distinguishing external joints
from internal joints. External joints were strengthened in shear by means
of FRP quadriaxial textile layers, externally placed on the joint panel
zone. This intervention gives rise to an increase of the joint shear
resistance due to a horizontal action from a bonding force acting on the
joint panel, thus reducing the maximum tensile stress to which it is
subjected. In accordance with the fib bulletin 35 [20], the bonding force
was taken equal to

Fy, = Ap-Efey (15)
where:

- Ayis the equivalent FRP textile area (depending on the type of textile
adopted);

- Eyis the Young modulus;

- &g is the ultimate strain of the composite material.

As suggested by fib bulletin 35 [20], in the case of beam-column
joints, the composite laminate is expected to exhibit debonding from
the concrete surface when a strain equal to 0.4% is reached. This
approach is also consistent with an Italian research report discussing this
topic [21].
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Conversely, to include the required capacity enhancement for in-
ternal joints, their upgrading is fulfilled through concrete jacketing [37,
38]. The effect of a 50 mm thick concrete jacket on beam-column joint
capacity was taken into account during the post-processing stage.

Further details about the determination of the shear capacity of the
upgraded joints is reported in Section 3.3.

2.2.2. Foundation of the steel exoskeleton

Although the upgrading of foundation systems is often disregarded in
similar papers, the present study takes into consideration this crucial
aspect by figuring out the possibility of realizing an additional founda-
tion system including cast-in-place self-drilling IRS (Repetitive Selective
Injection) micro-piles.

A simplified, yet sufficiently general, design procedure was adopted
with the aim to define the ultimate load capacity of the micro-piles, Qjim,
which results from the addition of the total resistance in correspondence
to the pile tip, P, and the lateral (namely, skin) total resistance, S, being
both related to the results of Standard Penetration Tests (SPT). Based on
well-established practice [39], P = 0.15 S was assumed and, in the case
of soils having layers with different mechanical properties, the skin
resistance can be expressed as follows:

5= wd.L,050 = 5.d.> a1, (16)

where:

- d, is the equivalent diameter (proportional to the perforation diam-
eter d);

- Ly is the length of the injected zone;

- s is the unit tangential resistance at the interface between the
injected zone and the surrounding soil, while a is an amplification
coefficient; both s and a depend on the nature and the characteristics
of the soil and the technology used and, they can be obtained from
proper tables [39].

Eurocode 7 approach was followed with the aim to define design
values of the relevant geotechnical properties [40]. Details about this
aspect are omitted herein for the sake of brevity.

In the current application, a stratigraphic soil column, typical of the
construction site, was considered. Table 1 resumes the soil features and
the main assumptions made in the evaluation of the micro-pile load
capacity.

On the morphologic side, to reduce the interaction between the
existing and the new foundations, the two foundation layouts depicted
in Fig. 2(a-b) were considered for any single steel column. The addi-
tional micro-pile at the centre of the foundation block in Fig. 2(b) was
needed only for the F100 design scenario, while the foundation layout of
Fig. 2(a) was adopted in the other cases. The required micro-pile length
resulted equal to 16 m, 15 m and 11 m, for the F100, F75 and F50 design
scenarios respectively.

3. Structural modelling
3.1. Existing RC structure

With the aim of performing nonlinear static (pushover) analyses, a

Table 1
Soil properties.
Soil nature Depth* o Nspr s
(from - to) ) ©) (MPa)
Finely bedded silty sand 0-6m 1,5 30 0.20
Hard (overconsolidated) clay 6-20m 1,1 40 0.27

* The depth is measured starting from the top surface of micro-piles.
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Fig. 2. Steel exoskeleton foundation layout.
nonlinear finite element (FE) model was developed using OpenSees imperfection. A sinusoidal shape was assumed for the equivalent geo-
[41]. metric imperfection, with a maximum imperfection amplitude ey
Distributed plasticity elements were adopted for all RC members, assumed equal to 1/250 of the brace length, as suggested by Eurocode 3
accounting for both mechanical and geometrical non-linearities. Fiber for the case of a “Plastic Analysis” for CHS profiles belonging to the
sections were associated to each member, considering the uniaxial ma- buckling curve “a” [42]. This approach was verified to provide a brace
terial models ConcreteO1 and SteelO1 available in the OpenSees library. buckling capacity close to that obtained with the buckling curve.
“Force-based” beam-column elements with 5 Gauss-Lobatto integration On the contrary, beams and columns were modelled as straight ele-
points were adopted. Brittle failures were not explicitly included in the ments (excluding geometrical imperfections) and using force-based fibre
FE model, but the shear capacity to demand ratios were evaluated in the elements with 5 Gauss-Lobatto integration points. Finally, rigid end
post-processing phase, as outlined in a following part of the current zones were considered at the ends of all members, based on the joint
section. geometry reported in Section 3.2.2. Fig. 3 depicts the modelling choices
Expected material strengths were used for the analysis model. The discussed above.
average cylindrical compressive strength of concrete and yielding
strength of the reinforcing bars were respectively assumed equal to f.;, 3.2.2. Steel connections
= 21 MPa and to fy;, = 320 MPa, considered as the outcomes of in-situ Joints between brace, beam and column converging into a node were
tests on a structure representative of the assumed construction age modelled as shown in Fig. 4. To ensure in-plane buckling of the brace
(1960s). elements, the gusset plate and the brace were connected by a knife plate.
For the sake of simplicity, floors were modelled as rigid diaphragms The brace end restraint condition can have a substantial impact on
and the potential contribution of infilled frames was neglected. the structural capacity to resist buckling, tensile yielding, distribution of

yielding, and post-buckling response of the dissipative components

within the frame [43,44]. Therefore, a nonlinear rotational spring was

introduced to represent the bending stiffness and capacity of the knife

3.2.1. Braces plate upon brace buckling. The spring rotational stiffness ks, and
Braces were represented by means of force-based elements with a moment resistance My, were estimated on the basis of the geometric

fiber discretization for their cross sections. Along their length, 4 sub- properties of the clearance provided at the brace ends, as depicted in

elements were used, each sub-element provided with 3 Gauss-Lobatto Fig. 4, according to Eq. (17) and Eq. (18), respectively.

integration points. This mesh refinement was found sufficient to repre-

sent the buckling capacity by means of an equivalent geometric

3.2. Steel exoskeleton
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In the equations, by and t, are the width and the thickness of the
gusset plate, Lggp is the length of the rotational clearance and fy is the
yielding strength of exoskeleton steel.

The remaining portion of the connection (involving beam and col-
umn ends, as well) was presumed to exhibit an almost rigid behaviour,
due to the presence of the gusset plate, as evidenced by experimental
studies concerning this topic [26]. Therefore, rigid end offsets were
used, as shown in Fig. 4.

3.2.3. Connections between the existing RC structure and the steel
exoskeleton

The connection between the new steel exoskeleton and the existing
RC frame was not modelled explicitly, though some preliminary design
was carried out to evaluate the construction costs (Section 5.2). For the
numerical model, a kinematic constraint (equalDOF in OpenSees) was
applied to the horizontal displacement components of the connected
nodes in the two plan directions X and Y.

[
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3.3. Criteria for seismic assessment of the existing and upgraded
structures

To assess the performance of the existing RC structure, the capacity
of RC members was evaluated at each analysis step, considering both
ductile and brittle failure modes. With regards to the steel exoskeleton,
cross section and buckling resistance of the steel beams and columns was
checked.

The assessment of the existing RC structure was carried out accord-
ing to the current Italian code [31], which is consistent with Eurocode 8
[45]. For the ductile failure modes, Damage Limitation (DL) and Severe
Damage (SD) limit states were considered, conventionally correspond-
ing to threshold values of the chord rotation reached in at least one of
the primary seismic elements. More specifically, for the DL limit state a
chord rotation capacity equal to 0.5% was adopted, to reduce the
damage potentially occurring onto brittle non-structural elements
attached to the structure (e.g. infill walls) and due to “frequent” earth-
quakes. Conversely, the chord rotation capacity for the SD limit state
was evaluated for each RC column at each analysis step of the pushover
analysis. The calculation procedure is detailed in Section 3.3.1. For the
brittle failure modes, the SD limit state is associated with the shear
strength capacity of RC members or beam-column joints. The mean
values of material strengths, fey, and fym, were divided by some “confi-
dence” factors for assessing the ductile failure modes, whilst for the
brittle failure modes the expected material strengths were divided by the
relevant partial safety factors. The confidence factors are used by the
code to consider approximately the reliability of information available
about the geometric and material properties of the existing structures.
This reliability depends on the number and spread of surveys and ma-
terial testing, which is in turn related to what the code defines as the
“knowledge level”. Assuming a “normal” knowledge level (labelled as
KL2 by the code), the adopted confidence factor was CF = 1.20, whereas
the partial safety factors were respectively equal to y; = 1.15 for steel
and y. = 1.50 for concrete.

3.3.1. Estimation of the chord rotation capacity at the SD limit state

For the SD limit state, the drift capacity of the RC columns was
evaluated through the formulation provided by Eurocode 8 (Part 3,
Section A.3.2.2) [45]. According to this formulation, in the case of
existing structural elements, the “ultimate” drift capacity can be calcu-
lated as follows:

0.85 max(0.01;@) 1% [L,\""
=277.0.016-0.30. | — """ ¢ N il 1
S Yol 0.016:0.3 {max(0.0l;w) f{} h (19)

where:

- 0.85 represents a coefficient introduced in the Italian Code [46] in
the case of RC elements designed with no regard to modern seismic
provisions;

| equalDOF (iNode, jNode, dofs = *[1,2,3]) :
L} 1}
! ZLE (*[iNode, jNode], -dir *[4,5,6], '
1 —matTags *[GJ./L, EI,/L, nonlinear spring])i
L} 1}

: elasticBeamColumn(*nodes, SteelTag, [100*A, J., 100*I,, 100*I:]) :

Fig. 4. Modelling of a brace and beam to column joint.
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- 7e1is a partial safety factor equal to 1.5 for primary seismic elements;
- v is a normalized axial load, computed as v = ﬁ, being N the

external axial load, b and h the cross-section width and depth and f,
the concrete compressive strength adopted in the case of ductile
failure checks;

-w= {:‘hff andw = % are the mechanical longitudinal reinforcement

ratios, respectively for tension reinforcement (A, including also the
reinforcement eventually placed along the beam web) and
compression reinforcement (A;’); fs is the steel yielding strength
adopted for ductile failure checks;

- Ly is the shear length of the member; it is assumed by the code to be
equal to half of the element length.

According to the Eurocode provisions [45] (and Italian Code, as well
[46]) the chord rotation capacity for the SD limit state is equal to 3/4 6,,.

3.3.2. Brittle mechanisms for RC members

Safety checks against brittle failures potentially occurring in RC
members were performed for beams and columns, according to the
Italian code, considering the variation of shear resistance with the chord
rotation plastic demand. The Italian code utilizes the ratio between the
plastic portion of the chord rotation demand and the chord rotation at
yielding, ;}A” = 9"0: % to consider the effect of the inelastic deformations
on the shear force resistance. Namely, the Italian provisions adopt the
expression of the shear cyclic resistance (accounting for the resistance
reduction under cyclic loading) provided by Eurocode 8 (Part 3, Section
A.3.3.1) [45] when yil > 2; conversely, when yﬂl < 1 the shear resis-

tance is assumed equal to the maximum between the shear cyclic
resistance and the shear resistance under monotonic loads as provided

by Eurocode 2 [47]. For intermediate values of ,uil a linear interpolation
is performed. For example, Fig. 5 shows the variation of the quantities
involved in the resistance check of a column, highlighting the afore-
mentioned quantities and the external shear action, as a function of the
roof drift imposed with a pushover analysis.

For the beam-column joints, the safety check was performed by
comparing the maximum tensile and compressive strengths (calculated
by the application of the Mohr’s circle method) with the tensile and
compressive strength of unreinforced concrete joints, as shown by the
following two equations:

60

= External shear action

e Shear resistance
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N N\ (v
= - L) <o.
Gje 2Aj+ (2 A,) +<2 Aj) < 0.5fy (20)
U_N_ N2Jr sz<03\/f— 21)
" 24, 24, 24;) | = TV
where:

- ojc and oj; are the maximum compressive and tensile stresses;

- feqa is the concrete compressive strength assumed for brittle
mechanisms;

- Ajis the beam-to-column joint area evaluated as the product of hj. the
distance between extreme layers of column reinforcement and the
effective joint width bj, defined in Eurocode 8 (Part 3, Section
5.5.3.3) [45];

- N is the axial load acting on the column above the joint;

- Vj is the joint shear demand (depending on the bending moments
acting at the ends of the beams framing into the joint, as well as on
the shear force acting on the column above the joint).

Furthermore, to evaluate the shear capacity Vj; of external joints
retrofitted with FRP textiles, as depicted in Section 2.2, Eq. (21) can be
rewritten as follows:

using the same symbols of Eq. (21) and deriving Fy from Eq. (15).
Conversely, the capacity enhancement required for internal joints is
achieved through 50 mm thick concrete jacket, increasing the joint area
Aj reported in Egs. (20)-(21).

3.3.3. Buckling resistance of steel beams and columns

Since the steel beams and columns were modelled using straight
beam-column elements, the buckling resistance check of such members
was performed step-by-step in the pushover analysis. To this aim,
Eurocode 3 [42] was adopted to account for any potential buckling
failure due to the simultaneous action of axial loads and bending
moments.

----- Shear res. vert. load

~~~~~~~~~ Shear res. cyclic load

w

Ha, pl

-0
100 150 200 250 300

Amn f [m lT]]

Fig. 5. Variation of a column shear force resistance with the chord rotation plastic demand ﬂil.
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3.3.4. Structural performance parameters
The following parameters were utilized to obtain a summarized
description of the global seismic performance of the upgraded structure:

- The capacity-over-demand ratio in terms of Peak Ground Accelera-
tion: {5 = $4%;

- the Damage Extension Index DEI = 7, accounting for the ratio be-

tween the number of structural elements failing the local resistance
checks (unfavourable mechanisms) for each considered Limit State
(nLs) and the corresponding total number of structural elements ;.

4. Structure presentation
4.1. The archetype 1960s RC structure

An archetype 6-storey gravity load designed (GLD) structure was
generated by simulating a design according to the Italian seismic code
used in the 1960s [48]. The structure is characterized by 4 frames with 5
bays in the longitudinal (X) direction and 4 frames with 3 bays in the
transversal direction (Y). Each bay has a length of 5.00 m, while the
inter-storey height is constantly equal to 3.50 m. Considering the scope
of this study, that is a proof of concept rather than a specific case study,
the effect of the staircase was assumed to be negligible. Fig. 6 depicts the
plan view of the structure and it also shows schematically the selected
location of the steel exoskeletons.

The 1960s structural code was based on the allowable stress design
method. With reference to typical materials used in the assumed con-
struction age, the allowable stress was set equal to 8.5 MPa for concrete
(Rck25) and 180 MPa for the reinforcing steel (AQ60).

Table 2 illustrates the loads adopted for the simulated design of the
structure, while Table 3 and Table 4 summarize the design outcomes, in
terms of column and beam cross sections respectively.

The assumed construction site (Sant’Angelo dei Lombardi, a small
town in the South of Italy) is characterized by a high seismic hazard
according to the current seismic zonation. Considering a soil class “C”, as
defined in the current Italian Seismic Code [31], for an earthquake re-
turn period of 475 years the design peak ground acceleration is
PGAgp=0.266 g, where the subscript “SD” refers to the so-called
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Table 2

Gravitational loads assumed for simulating the design of the structure.
Floor Gix 3.00 kN/m?
Permanent Gox 2.00 kN/m?
Live Qx 2.00 kN/m?
Infill walls Sinfillk 7.00 kN/m

“severe-damage” limit state that is typically associated with that
earthquake return period to form the performance objective. Similarly,
considering an earthquake return period of 50 years for a “dam-
age-limitation” limit state, the design peak ground acceleration is PGApy,
=0.082 g. This information was used to design the upgrading
interventions.

4.2. The prototype new steel exoskeletons

The estimated value of the fundamental vibration period of the steel
CBF structure (determined as reported in Section 2.1) is equal to 0.49 s,
corresponding to the plateau branch of the elastic design spectrum for
SD Limit State. Consequently, the base shear forces assumed for the
design of each single exoskeleton are equal to 1918 kN, 1438 kN and
959 kN, for the design scenario F100, F75 and F50 respectively. The
cross sections correspondingly obtained for the CBF members, made of S
275 steel grade, are reported in Table 5. It is worth highlighting that
column cross sections were selected to be constant at each storey, at
least.

5. Comparative assessment of the upgraded structures

As previously outlined, the 3D models of the existing and upgraded
structures were analyzed by means of non-linear static (pushover) an-
alyses. Each pushover analysis was run up to a target displacement of
350 mm with a displacement increase of 0.50 mm per step. A height-
wise linear distribution of horizontal forces was assumed. The N2-
Method [29] was adopted to estimate the deformation and corre-
sponding force demands.

In the following, the three upgrading scenarios are evaluated not
only from the structural standpoint, but also comparing their cost

22 | ocation of steel exoskeletons
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Fig. 6. Blueprint of the existing structure and location of the steel exoskeletons.
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Table 3
Column cross sections and reinforcements.
Storey Column location Cross section Longitudinal rebars Stirrups
(cm x cm)

6 corner 30 x 30 4916 $8/25 cm
border 30 x 30 4416 $8/25 cm
internal 30 x 30 4416 $8/25 cm

5t corner 30 x 30 4916 $8/25 cm
border 30 x 30 4416 $8/25 cm
internal 30 x 30 4416 $8/25 cm

4" corner 30 x 30 4916 $8/25 cm
border 30 x 30 4416 $8/25 cm
internal 40 x 30 6416 $8/25 cm

31 corner 30 x 30 4416 $8/25 cm
border 40 x 30 4416 $8/25 cm
internal 50 x 30 6416 $8/25 cm

2ond corner 40 x 30 4916 $8/25 cm
border 40 x 40 6416 $8/25 cm
internal 50 x 50 8¢16 $8/25 cm

1 corner 40 x 30 416 $8/25 cm
border 40 x 40 6416 $8/25 cm
internal 50 x 50 8¢16 $8/25 cm

effectiveness, considering both the initial cost and the life cycle cost.

It is worth highlighting that, following a code-compliant approach,
the additional interventions at member and foundation level were
designed in the “post-processing” phase, having performed the pushover
analysis of the upgraded structures. This choice stems from the fact that
the introduction of steel exoskeletons is able to modify the number and
the location of members undergoing failure, as illustrated in Section 5.1.

5.1. Structural assessment

5.1.1. Global seismic performance

The effect of the steel exoskeleton for each considered design sce-
nario is reported herein in terms of pushover curves in the X and Y plan
directions (Fig. 7 and Fig. 8, respectively). Specifically, Fig. 7(a) and
Fig. 8(a) show results for the existing RC structure, while the subplots
(b), (c) and (d) in Fig. 7 and Fig. 8 illustrate results obtained for the F50,
F75 and F100 design scenarios, respectively. The plots in Fig. 7 and
Fig. 8 highlight also the displacement capacity corresponding to each of
the considered limit states. Eventually, the plots show also bilinear
curves associated with the displacement capacity corresponding to a
ductile failure mode. Such bilinear curves were obtained by equating the
area under the curves, according to a procedure adopted by the Italian
code [31], which requires the first branch of the bilinear curve to pass
through the point of the pushover curve corresponding to 60% of its

maximum base shear.

A comparison of performance among the various examined struc-
tures, in terms of the previously defined global safety index (g for each
relevant limit state, is instead reported in Fig. 9(a-b) that envelopes the
results obtained respectively for the X and Y plan directions.

Comparing the results obtained for the bare RC frame and the RC
structure equipped with the steel exoskeletons, it is apparent that the
upgraded structures benefit from a significant increase in capacity for all
the considered limit states, with the exception of the RC beam-column
joints, which usually lack in ductility under lateral loading and fail in
shear prior to the connected members.

With the latter exception, comparing the as-built and upgraded
structures, the safety index (g associated to all the limit states is
generally more than doubled, thus resulting compliant with the safety
requirement of modern seismic codes. Focusing on the variation of the
global safety index with the changes in the design base shear force, Fig. 9
allows also to see that such relationship is nonlinear and sometimes even
non monotonic.

Furthermore, the insertion of the steel exoskeletons did not modify
significantly the magnitude of the roof displacement corresponding to
ductile failure. However, the large increase in strength and stiffness
characterizing the bilinear curves of the upgraded structures is able to
reduce considerably the displacement demand, thus increasing appre-
ciably the seismic intensity bringing damage to the RC structure. This

Table 4
Beam cross sections and reinforcements.
Beam location Cross section Top reinforcement Mid reinforcement Bottom reinforcement Stirrups
(cm x cm)
Along X 30 x 60 5¢16 2010 5¢16 $8/25 cm
Along Y 30 x 40 3916 2010 3916 $8/25 cm
Table 5
Cross sections of the steel exoskeleton members.
Storey F100 F75 F50
Braces Columns Beams Braces Columns Beams Braces Columns Beams
(CHS) (HE) (HE) (CHS) (HE) (HE) (CHS) (HE) (HE)
6™ 168.3 x 4 340 B 180 B 139.7 x 4 300B 160 B 114.3 x 3.2 240 B 140 B
5t 219.1 x 8 340 B 180 B 219.1 x5 300 B 160 B 168.3 x 4.5 240 B 140 B
4 219.1 x 10 340 B 220 B 219.1 x 8 300 B 200 B 219.1 x5 240 B 180 B
3 219.1 x 12.5 340 B 220 B 219.1 x 10 300B 200 B 219.1 x 6.3 240 B 180 B
2o 219.1 x 16 340 M 280 B 219.1 x 12.5 300 M 240 B 219.1 x 7.1 240 M 200 B
1 219.1 x 16 340 M 280 B 219.1 x 12.5 300 M 240 B 219.1 x 7.1 240 M 200 B
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Fig. 7. SDOF X + Pushover curves and capacity points of the existing structure (a), F50 (b), F75 (c) and F100 (d) exoskeletons.

consideration is especially valid if the damage to the cladding and
partitions is considered.

Eventually, it is worth mentioning that the displacement capacity
corresponding to buckling of at least one non-dissipative member of the
steel exoskeleton resulted always larger than the displacement capacity
corresponding to other failure modes potentially occurring in the RC
structure. Therefore, the results indicate the effectiveness of the design
procedure reported in Section 2.1.

5.1.2. Spread of damage and failure mechanisms

Focusing the attention on the damage potentially occurring onto the
existing RC structure, despite the introduction of the steel exoskeletons,
Fig. 10 reports the values of the DEI obtained for each failure mode. The
results in Fig. 10 confirm that the “Joint Tensile” failure mode (Eq. (21))
is the only brittle failure mode that the steel exoskeletons were not able
to delay significantly, even in the F100 design scenario (i.e., when the
exoskeleton was designed totally neglecting the contribution of the
existing RC frames).

With the exception of the RC beam-column joint shear failure, the
results in Fig. 10 suggest that the steel exoskeletons were also able to
significantly reduce the spread of damage, since the number of deficient
members is always much smaller than it is in the bare RC frame.

However and unfortunately, the brittle shear failure mode of the

10

beam-column joints represent the main weaknesses of the vast majority
of existing RC structures. Fig. 11 compares for each different storey the
number of joints undergoing shear failure. The plot refers to the push-
over step corresponding to the estimated seismic deformation demand
for the SD limit state. The results show that introducing the steel
exoskeleton does not necessarily lead to a decrease of the failing joints at
every storey. These results show also that some failures appear in the
upgraded structures at storeys where the original bare RC frame did not
show such failure. In fact, the steel exoskeleton modifies the distribution
of the internal actions within the RC structure, resulting in the modifi-
cation of the location of the failing joints.

5.2. Intervention costs

The initial intervention costs were estimated, taking into consider-
ation all the processes involved in the making of the upgrading in-
terventions, including the costs related to any demolition and
restoration of the non-structural components of the existing RC building.
Table 6 summarizes the unit costs associated to each intervention
considered. Such costs were set with reference to the unit costs (for
supply and installation) typical of the region where the structures are
supposed to be located [49].

Fig. 12 summarizes the economic comparison among the
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Fig. 8. SDOF Y+ Pushover curves and capacity points of the existing structure (a), F50 (b), F75 (c) and F100 (d) exoskeletons.
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Fig. 9. Comparison in terms of safety index for ductile and brittle mechanisms along X (a) and Y (b).

interventions characterizing the three potential retrofit solutions
explored in this study. As it could be expected, the initial intervention
cost reduces with the decrease of the assumed design base shear force
intensity. Such difference is mainly related to the gradual decrease of the

11

intervention costs associated to the new steel exoskeleton and founda-
tion upgrading, while the local intervention costs remained almost un-
changed. In fact, the adoption of even the highest design force (“F100”
scenario) was unable to reduce significantly the local failures and



F. Nigro et al.

100%
90%
80%
70%
60%

DEI [-]- DIR. X

0%
DL SD Brittle Brittle Joints
Ductile Ductile Beams Columns Tensile

As Built ®F50 mF75 mF100

(2)

50%
40%
30%
20%
10%

Engineering Structures 305 (2024) 117623

100%
90%
80%
70%
60%
50%
40%

30%
20%
10%

0%
DL SD Brittle Brittle Joints
Ductile Ductile Beams Columns  Tensile

DEI [-]- DIR. Y

As Built =F50 ®=F75 ®F100

(b)

Fig. 10. Comparison in terms of DEI for ductile and brittle mechanisms along X (a) and Y (b).
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Fig. 11. Number and location of the failing RC beam-column joints, for a displacement demand corresponding to the SD limit state: X direction (a) and Y direc-

tion (b).
Table 6
Unit costs of interventions.
Intervention Intervention Unit cost
type
Local External RC joint strengthening (FRP 3300
textile) €/intervention
Local Internal RC joint strengthening (RC 1500
jacketing) €/intervention
Global HE steel profiles (beams and columns) 4.77 €/kg
Global CHS steel profiles (braces) 6.81 €/kg
Global Connection system — F100 exoskeleton 82.6 €/m
Global Connection system — F75 exoskeleton 71.6 €/m
Global Connection system — F50 exoskeleton 60.6 €/m
Foundation Excavation, backfilling and concrete 180 €/m®
casting
Foundation Self-drilling of micropiles, Diameter 145.9 €/m
= 200 mm

damages (at beam-column joints), so that the costs related to the local
interventions did not change. Though the costs of the new steel structure
and relevant foundations can almost be halved by reducing the design
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Fig. 12. Comparison among the upgrading solutions in terms of initial inter-
vention cost per cubic meter of the existing structure.

force, the percentage decrease of the total costs when moving from the
“F100” to the “F50” structure is only 22%, because of the local inter-
vention costs remaining almost constant.
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5.3. Preliminary cradle-to-gate life cycle assessment

In addition to the construction costs, it is of interest to examine the
ecological footprint of any given intervention [50]. To ascertain which
of the proposed design scenarios can effectively minimize the global
warming potential (GWP), a widely accepted indicator of the environ-
mental impact measured in kilograms of equivalent carbon dioxide
(kgCO4 eq.), the current study considered a “cradle-to-gate” assessment.
The approach encompasses all the sub-processes involved in raw ma-
terial extraction and manufacturing. The choice of this approach is
motivated by the lack of unequivocal information regarding the suc-
cessive phases, such as construction and end-of-life, which are necessary
to perform the life cycle assessment (LCA) of each retrofit solution from
a “cradle-to-grave” perspective.

The findings presented in this study are derived from pertinent
research conducted on the materials utilized in structure-level in-
terventions, such as concrete and steel [51,52], as well as the materials
necessary for the member-level interventions, specifically the CFRP
textiles [50,53]. The environmental impact of the self-drilling micro--
piles, which were considered for the upgrading at the foundation level,
was also included in this analysis, considering a typical Environmental
Product Declaration of such elements [54]. This approach ensures that
the obtained results reflect the significant variations in cradle-to-gate
emissions that may arise when comparing the retrofit scenarios. It
should be mentioned that the disruption of occupancy and the demoli-
tion of nonstructural components (which may have a slight influence on
the comparison between the reported LCAs) were not considered due to
the highly variable nature of their definition. Therefore, the considered
average GWP values of the various interventions are reported in Table 7.

Fig. 13 reports a comparison in terms of GWP, highlighting the sig-
nificant impact that structure-level techniques, based on the use of
conventional materials of civil engineering (concrete and steel) have on
the GWP estimation. Regarding the impact of the FRP textiles, although
their production implies larger CO5 emissions for each kg of product,
their structural use results in relatively small quantities, thus making
their “cradle-to-gate” carbon footprint almost irrelevant in comparison
to more conventional materials [55-57].

Furthermore, it is noted that most of the GWP observed for the
structure-level interventions is a direct consequence of the strength-
ening interventions considered at the foundation level, which implies
large CO2 emissions if compared to the CFRP textiles. However, one
should also consider that concrete and, especially, steel are recyclable
and/or reusable, which is an aspect not included in the GWP analysis
presented herein. Therefore, further research is needed to improve the
understanding of the overall environmental performance of structural
materials throughout their entire life cycle.

6. Concluding remarks
The present study provides readers with a discussion about the

multifaceted aspects implied by the decision-making process for seismic

Table 7
Unit Global Warming Potential (GWP) of interventions.

Intervention Intervention Unit cost

type

Local External RC Joint strengthening (FRP 35 kgCO, eq./m?
textile)

Local Internal RC Joint strengthening (RC 65 kgCO, eq./
jacketing) intervention

Global HE steel profiles (beams and column) 2 kgCO, eq./kg

Global CHS steel profiles (braces) 2 kgCO; eq./kg

Foundation Excavation and backfilling 72 kgCO, eq./m>

Foundation Concrete casting 300 kgCO,, eq./m>

Foundation Self-drilling micropiles, Diameter 2190 kgCO, eq./m
=200 mm
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Fig. 13. Comparison among the upgrading solutions in terms of Global
Warming Potential (GWP) per cubic meter of the existing structure.

upgrading of existing RC frame structures that are not compliant to
modern seismic codes.

Three force-based design criteria were adopted to design steel exo-
skeletons for seismic upgrading of an archetype 1960s RC frame struc-
ture. A first solution was based on designing a steel exoskeleton resisting
the entire seismic force (a solution named “F100”) i.e., completely
neglecting any contribution from the existing RC frame structure. As
alternatives, two additional steel exoskeletons were designed by
considering reduced seismic shear forces equal to either 50% (“F50”) or
75% (“F75”) of the value adopted for the first case.

Correspondingly, nonlinear models were built for the existing RC
frame and the new steel exoskeletons. The nonlinear models were sub-
mitted to pushover analysis and, both construction and ecologic costs
were estimated along with a structural performance assessment.

The analysis results suggest that the modification of the global
structural behaviour, obtained with the new steel exoskeletons, gener-
ally reduced the number of RC components failing in a brittle mode.
However, such failures were not completely removed, even in the case of
the “F100” design scenario i.e., the case of maximum value for the
design shear force of the steel exoskeleton. Consequently, and based on
the construction and ecologic cost benefits, it is advisable to design the
steel exoskeleton with a reduced seismic force (as in the “F50” case),
combining this intervention with a proper number of local RC
strengthening techniques. With this approach, one can also reduce any
upgrading interventions needed at the foundation level, thus gaining a
considerable reduction of the economic and cradle-to-gate environ-
mental impact of the whole retrofit system. Eventually, it is worth
highlighting that the location of the brittle failures in the existing RC
frame structure changed when comparing the bare existing RC frame
with the hybrid RC-steel structural system. This implies the need for an
analysis of the hybrid RC-steel structure response also to decide about
any local strengthening of the existing RC frame.
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