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ARTICLE INFO ABSTRACT
Keywords: Buildings may be subjected during their service life to extreme events which can trigger progressive collapse. On
Progressive collapse this front, the role played by tying reinforcement in structural members is crucial for an adequate load redis-

Robustness-oriented design
Precast concrete

Tying reinforcement
Hollow-core floor

tribution and the avoidance of disproportionate collapse. This work proposes a robustness-oriented procedure for
the design of tying reinforcement placed in the hollow-core units and beams of precast concrete buildings, where
limited studies are available in scientific literature. In particular, the aim is to provide a simple yet reliable
approach for the design of concentrated and distributed ties in precast floors by adopting fundamental input
parameters such as the system’s chord rotation capacity and dynamic amplification factor, which are not
considered in current design codes. Firstly, a flow-chart of the design procedure is proposed and discussed.
Secondly, the input parameters are calculated based on recent analytical approaches - proposed by some of the
authors - to optimize the tying reinforcement design. Finally, the efficiency of the design procedure is demon-
strated with an application example, and a novel detailing scheme is proposed which is aimed at a significant
enhancement of structural robustness. Due to its simplicity, the proposed design procedure is contended to be
applicable in robustness assessment and design of building structures with precast concrete hollow-core floors.

studies available in literature [11,12,16-18] highlighted the inability of
dry connections to resist progressive collapse. The robustness perfor-
mance of distributed ties in PC floors has been experimentally investi-
gated in precast hollow-core units sub-assemblages [19-23]. In
particular, Zhou et al. [23] recently tested double-span precast pre-
stressed hollow-core units with different tying detailing, confirming that
the catenary action mechanism can effectively develop at large dis-
placements in resisting progressive collapse, as also reported in an old

1. Introduction

After the partial collapse of the Ronan Point building in London,
1968, the robustness assessment has become an important topic in
structural engineering [1-3]. In this context, Codes and guidelines [4-7]
provide three methods for the robustness assessment of buildings sub-
jected to unidentified accidental actions: (i) the Tie Force (TF), (ii) the
Alternate Load Path (ALP) and (iii) the Key Element methods. In the study from PCA [22]. Th? robustne'ss performance of a real-sca'le PC
current scientific literature, limited works on precast concrete (PC) structure has beef‘ experimentally investigated recently by Buitrago
structures are available [8] compared with the number of studies con- etal. [24’2_5J’ subjected to corner column rem.oval. . .
cerning the structural robustness assessment of casted in-situ reinforced Numerlcal appl"oaches have also been cor'151dered concerning quast-
concrete structures. With the aim to avoid disproportionate collapse, the static and dynamic assessment of progressive collapse ref51s.tance of
adoption of tying reinforcement in resisting PC members is thus crucial precast concrete frames [14_’ 1_6’26729]’ floor slabs and buildings [17,
for an adequate load redistribution under local damage scenarios. 3073_3']’ where usually the Finite Element method or less commonly the

From the experimental point-of-view, studies aimed to investigate Applied Element method are adopted. Among others, Zhou etal. [11,12]

the progressive collapse resistance of precast concrete frames with fmd K.1m et al. [141 carfled out nonl'lnear finite element anal}fses to
emulative [9,10] and dry connections [11-14] are available. In partic- investigate the quasi-static and dynamic response of PC frames with dry

ular, the latter connection type composed of beams and columns con- Fonnef:tions, while TOhidi' et al. [34,35] and Miratashiyazdi [2'9]
nected with steel dowels is typical of European countries [15] and investigated the quasi-static response of double-span HC floor units.
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List of symbols

T, P* Equivalent TF and applied loads

i, p Intensity and reduction factors

Ly, L; Longitudinal and transversal span lengths

h, b, d. HC slab thickness, width and effective depth of distributed
ties

hy, by, dp,r PC beam height, width and effective depth of concentrated
ties in beams

Lgep Debonding length of distributed floor ties
¢p,o Apr Diameter and area of strands as distributed ties at each HC
unit

fo fee Ec Grouting and PC member concrete compressive strengths
and elastic modulus

Dy, Li, w Dead and live loads and coefficient of combination

Py, 59 Gravity load and maximum displacement

E,, E; Elastic modulus of strands and rebars

fsy» fsw € Yield and ultimate tensile strengths and ultimate strain of

bars

foy fow €pu Yield and ultimate tensile strengths and ultimate strain of
strands

Sp Fsu  Ultimate slip and tensile load of bars as concentrated ties in
PC beams

F,y, Fp,  Yield and ultimate tensile loads of distributed floor ties

Ng, ¢q Number and diameter of steel dowels in beam-to-column
connections

fsye Vra Steel dowel yield strength and shear resistance

Py, Py, 8 Quasi-static and dynamic loads and displacement at event
k

My, P, Yielding moment and load of transversal PC beams

Op,w Ppy Ultimate displacement and load of concentrated ties in PC
beams

DAF; =n Dynamic amplification factor at event k

Qerip Oc  Critical load multiplier and chord rotation capacity

Ag,» Py Area and load contribution at catenary stage of
concentrated ties in PC beams

Ravasini et al. [16] adopted a numerical approach based on fibre-based
approach to simulate the dynamic responses of precast concrete frames
with dry connections and the role played by concentrated tying rein-
forcement placed along the PC beams to mitigate progressive collapse
was investigated under different column removal scenarios. A recent
fragility —assessment-based study [17] demonstrated that: (i)
European-designed PC buildings are prone to progressive collapse and
(ii) the use of only concentrated ties in beams lead to construction
problems due to the considerable amount of required reinforcement. For
these reasons, in a real building, both distributed ties in floors and
concentrated ties in beams must be considered and simplified analytical
formulations are welcome in engineering practice.

In this context, a new tying force method for robustness design of
building structures has been proposed by Izzuddin & Sio [36] and
validated by Ravasini et al. [37] on available experimental test results of
RC structures. Moreover, a recent analytical method for the assessment
of progressive collapse resistance of PC buildings with dry connections
has been proposed by Ravasini [38], where both quasi-static and dy-
namic responses a PC system composed of distributed ties placed in HC
slabs and concentrated ties placed in PC beams are analytically calcu-
lated. The method has been validated and is capable of considering the
main parameters affecting the progressive collapse resistance such as the
mechanical properties of tying reinforcement and concrete, the
geometrical features of PC members and the restraining stiffness. This
paper proposes a robustness-oriented design procedure for concentrated
and distributed tying reinforcement in PC floors realised with precast
concrete hollow-core units, based on the cited analytical approaches
[36,38]. The illustrated design procedure allows the optimisation of
concentrated and distributed tying reinforcement in PC floors by
ensuring sufficient load-bearing capacity to resist progressive collapse.
The ease of use of the method is illustrated in a step-by-step calculation
example, and a novel HC slabs detailing is presented, able to meet
construction issues with a sufficient margin of safety.

2. Novel robustness-oriented design procedure

The Fig. 1(a) and (b) represent the views of: (i) the main geometrical
features in a precast concrete (PC) building with different column
removal scenarios and (ii) the distributed tying reinforcement placed in
hollow-core (HC) floors and (iii) concentrated ties placed in PC beams.
The distributed floor ties are placed continuously and parallel to the HC
floor units (refer to Fig. 1(c), section A-A"), while the concentrated
longitudinal and transversal ties are placed within the PC beams (refer to
Fig. 1(d), section B-B'). Precast concrete members are completed in-situ

with concrete grouting at joints [7].
Regarding distributed ties in HC slabs, two options can be consid-
ered, refer to Fig. 1(b):

1) Placing of ties in voids and keyways along the span of HC floor units
and grouting of voids. However, this option is more difficult to be
realized in practice due to more manufacturing process and problems
may arise during the placing of reinforcement. In addition, an
increment of self-weight is expected due to the in-situ with concrete
grouting of voids along the HC slabs.

Placing of ties along the longitudinal joints of HC floor units. This
option is considered more viable since no manufacturing difficulties
are expected, and because the current construction practice provides
to fill transversal and longitudinal joints with concrete grouting.
However, careful must be paid to the design of joints, and an ad-hoc
detailing must be provided, as discussed in detail in the Section 4.

2

—

To establish adequate tying reinforcement against progressive
collapse phenomenon, a rational and suitable design procedure is
required to ensure that the system can withstand the applied loads after
the loss of a support or load-bearing element, such as a column. On this
front, a novel design procedure is proposed herein to meet such re-
quirements, and the following steps are described in the subsequent
sections:

o The flow-chart of the design procedure is described in the Section 2.1
with the main assumptions of the procedure based on the observa-
tions available in the current literature [8,39] and in the fib Bulletin
63 [7].

e The input parameters required for the Izzuddin & Sio proposal [36]
and for application in the design procedure are reported and dis-
cussed in Section 2.2, and the analytical approach used to calculate
such parameters [38] is described in Section 2.3.

2.1. Flow-chart of the design procedure and main assumptions

The flow-chart of the proposed robustness-oriented design procedure
of tying reinforcement in the whole hollow-core floor system (thus, both
concentrated ties in PC beams and distributed ties in HC floor units) is
shown in Fig. 2. An iterative procedure is adopted to optimize the tying
reinforcement system, where the main assumptions are:
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Fig. 1. Schematic view of (a), (b) PC building with column loss scenarios and distributed ties in floor slabs, (c) double-span HC floor units, (d) transversal PC beam

with ties.

e The stiffness and the resistance of the system is mainly attributed to
tie reinforcement placed in HC units as distributed floor ties [7]. The
resistance of ties placed in PC beams are considered although its
resisting contribution is limited, as discussed in the Section 2.3 and
in the applicative example in the Section 3.

The adequate connection between the concrete topping wire rein-
forcement and HC floor slabs is crucial to prevent progressive
collapse at large displacement stage [7]. However, no experimental
evidence is available in the current literature about this issue.
Therefore, the resisting contribution of the wire mesh reinforcement
placed in the concrete topping of HC units is neglected, since the
connection may be destroyed at large displacements, if not
adequately designed.

The anchorages of beam-column connections of end-beams are
assumed able to sustain redistributed loads after column loss. A
posteriori check must be carried out to verify such hypothesis and to

check the occurrence of brittle failure mechanisms. Such verifica-
tions are out of the scopes of this work.

The resistance of the whole horizontal tying system is evaluated by
adding the resistance of the HC floor units and the resistance of the
PC beams. To this aim the deformed shape configuration at column
removal is considered to properly evaluate the displacements of HC
floor units and PC beams involved in the mechanism, as discussed in
the Section 2.3.

The role played by claddings, infill walls and vertical tying systems is
not considered herein, although their beneficial effects on providing
additional load paths have been investigated in literature [8,40,41]

The main steps to apply the procedure are the following: (i) the
definition of the geometrical features of the PC building and the me-
chanical properties of the reinforcement are established, (ii) the calcu-
lation of the chord rotation capacity, 6¢c, and a preliminary tying
reinforcement design is carried out by assuming a dynamic
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Fig. 2. Flow-chart for the robustness-oriented design procedure.

amplification factor at first trial (DAF;) equal to 2, as proposed by
Izzuddin et al. [36], since its value is not known in advance (the DAF
values are iteratively updated in the following steps), (iii) the calcula-
tion of static and dynamic load-displacement curves as well as amplifi-
cation factor, (iv) the applied load Py is compared with the resistance of
the system and both DAFj and the critical load multiplier, &, - defined
as the ratio between the maximum dynamic capacity load and the
applied load - are calculated. The iterative procedure is stopped when
the constraint a.> 1 is achieved, implying the attainment of adequate
tying reinforcement. The chord rotation capacity, the static and dynamic
capacity curves and dynamic amplification factor and the critical load
multiplier are calculated according to the analytical method described in
[38] and reported in Section 2.3. The procedure can be adopted for both
the previous options for distributed floor ties mentioned above and will
be clarified in the example at the Section 3, where a step-by-step
example is described to highlight the iterative nature of the proposed
approach. In addition, the method is applicable in case of bars or strands
used as tying reinforcement, as mentioned in [38].

As defined in the work by Ravasini [38], the chord rotation capacity
is a fundamental parameter that allows the estimation of the progressive
collapse performance of the system and its ductility, and is related to the
ability to develop the catenary action mechanism by considering the
mechanical properties of the tying reinforcement and the geometrical
features.

2.2. Resisting mechanisms and definition of the input parameters

The resisting mechanisms in double-span HC units with distributed
ties and subjected to central support loss have been recently observed in
the experimental campaign conducted in [23], refer to Fig. 3: (A) flex-
ural resistance, corresponding to the yielding of the ties and formation of
plastic hinges due to the in-situ grouting between the HC units (P4-64),
(B) transitions stage, where catenary action starts (Pg-5g) and (C) full
catenary stage, where the system capacity relies only on the maximum
axial tensile strength of tie reinforcements (P¢-6¢). The latter condition
corresponds to the achievement of the chord rotation capacity, Oc,
calculated as the ratio between the vertical displacement, 5¢, and the
longitudinal span length, L;. Similar events are valid also for PC beams

Structures 63 (2024) 106427
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Fig. 3. Flexural and catenary stages of double-span HC units subjected to
support loss.

with concentrated ties subjected to support loss.

Recently, Izzuddin & Sio [36] proposed a new tying force method for
robustness design of building structures. The method is: (i) applicable in
the range of catenary stage (from B to C in Fig. 3), (ii) allowing different
resisting contributions of beams and floor slabs tying systems, and (iii)
different types of loads can be considered according to Eq. (1):
Tan(%)Po:P* 9:(% 6))
Where Py is the equivalent load obtained as a superposition from all
loads applied to system, T is the total equivalent tying force (TF) ob-
tained as a superposition of the resistances of concentrated or distrib-
uted ties composing the system.

The parameters are defined as follows:

1. The term i is the tying force intensity factor depending on the
structural configuration.

2. The term p is a reduction factor which allows for strain hardening
and flexural/catenary interaction, which is assumed equal to 1 [36].

3. The adimensional parameter, 6, is calculated based on the chord
rotation capacity, 6¢, that depends on materials properties and
construction details.

4. n is the dynamic amplification factor (also reported in the following
as DAF).

In correspondence of the chord rotation capacity, 6¢, representative
of the system ductility, Eq. (1) allows to assess the adequacy of the
provided tying system (indicated as the equivalent tying force T) to
sustain the applied loads resulting from the combination of actions in
accidental design situation (indicated as the equivalent load Py).

The parameters to apply the method by Izzuddin & Sio [36] are re-
ported in Table 1:

1. The intensity factor is equal to 3.125 for two-way floor tying
reinforcement.

2. The distributed tie case corresponds to ties in HC units (refer to fy in
Table 1, in [N/mm]) while the case of concentrated ties is related to
ties in PC beams (refer to Fy, in Table 1, in [N]), as shown in Fig. 1.

3. The chord rotation capacity, ¢, and the dynamic amplification fac-
tor (labelled as DAF or n) are calculated in the Section 2.3.

The chord rotation capacity, ¢, adopted in the Eq. (1), depends on
mechanical properties of tying reinforcement and geometrical features,
based on the deformed shape at full catenary stage shown in Fig. 4(a). As
reported in [38], the chord rotation capacity has been calculated by
considering the cases of rebars or strands used as distributed ties in HC
floor units, also validated against experimental tests, showing good
agreement.

In this work, as improvement of the previous study in [38], it is
proposed to adopt partially debonded strands above supports to improve
the progressive collapse resistance, as suggested in the fib Bulletin 63
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Table 1
— Parameters for two-way floor tying reinforcement, for L; < L, [36].

Structures 63 (2024) 106427

Equivalent tying force T

Equivalent load Py

Distributed ties: 3.125

feLe + fyLy (%)

(In case of HC slabs along L;, the contribution f, = 0)

Concentrated ties:

oo (1) [(2) (- )]

wLL,

*Note: the load w can be calculated from the accidental load combinations from Standards

[7]. Indeed, it has been experimentally demonstrated that debonded
bars can improve the progressive collapse resistance and ductility of
concrete structures by avoiding excessive stress and strain localizations
[23,42]. Therefore, by assuming that the elongation of the strands is
explicated along the debonding length Lgep at both end- and mid-joints,
the displacement at full catenary, &, is calculated with the Eq. (2) and
based on the deformed shape shown in Fig. 4(a) [38]:

o)’
oc = \/(zgpuLdtb + L1)2 - (Ll - Kp ) ()]
1
Where the term Fy, is the axial resistance of strands, calculated with the
Eq. (3):
Fpu :f}}L(A[),/ (3)

Thus, the proposed chord rotation capacity in this case is calculated
with the Eq. (4):

2
2 i
\/(zgpuLdeb +1) - (LI - %)

L L

Oc @

The terms Ay and fp, are the area and maximum strength of ties in
the HC unit, respectively.

The contribution provided by the restraining stiffnesses, K;, provided
by the adjacent members nearby the column loss location — through the
term (F,y/Kp) — is negligible in real-scale structures, and does not affect
the chord rotation capacity [29,43]. The calculation of the restraining
stiffness is out of the scopes of this work. The use of strands as distrib-
uted ties is justified by the following advantages: (i) strands are easy to

be placed and can be arranged along the whole span, (ii) strands provide
high tensile strength, allowing the use of lower reinforcement ratios. On
the other hand, the main disadvantage is the lower strands’ ductility
compared with rebars. However, the required ductility can be achieved
by adopting an adequate debonding length, Lgep. This leads to an
increment of the maximum elongation of ties (represented by the term
epuLder in Eq. (4)), indicating that the chord rotation capacity (i.e., the
system ductility) can be controlled with the selection of the debonding
length. Indeed, higher the chord rotation capacity, higher the system
ductility. Finally, it is worth noting that the remaining part of the ties
outside of the plastic tube are bonded along the element span. Fig. 4(b)
and (c) schematically represent the options mentioned in the beginning
of this Section.

2.3. Calculation of the quasi-static and dynamic curves

In the following, the calculations to obtain the quasi-static static
pushdown (PD) and dynamic capacity curves (CC) of the entire hollow-
core floor system are briefly summarized, based on the work described
in [38], where three-linear piecewise relations are adopted. Firstly, the
resisting contribution provided by distributed ties in HC floor units are
calculated. Secondly, the contribution of transversal concentrated ties in
PC beams are calculated. Finally, the quasi-static and dynamic curves as
well as the dynamic amplification factor of the entire system are ob-
tained. It is worth noting that the dynamic amplification factor is one of
the fundamental input parameters to be adopted in the Izzuddin & Sio
[36] tying method. Such aspect will be clarified in the application
example.
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Fig. 4. (a) Deformed shape at catenary for the calculation of the chord rotation capacity [38] and (b) case of partially debonded strands as tying reinforcement,
option (1), (c) case of partially debonded strands as tying reinforcement, option (2).

2.3.1. Quasi-static load-displacement curve

2.3.1.1. Resisting contributions of distributed ties in HC units. The main
events occurring in double-span HC units with ties are based on the main
resisting mechanisms, refer to Fig. 5(a): (A) flexural resistance, (B)
transitions stage and (C) catenary stage, where the catenary action of the
tie reinforcements corresponds to the achievement of maximum tensile
strength. The HC slabs are considered as rigid and the nonlinearity is
localized at end- and mid-joint locations (EJ and MJ, respectively), as
observed from experimental and numerical studies [19,38,43,44]. The
dynamic capacity curve and amplification factor are schematically
represented in Fig. 5(b) and Fig. 5(c).

The vertical load at event A, Py, is calculated with the Eq. (5), from
the equilibrium condition:

_ 2M, g+ 2M, gy

Py=Pp= 7 %)
|

where M,y and My, gy are the yielding moments at the mid- and end-
joints, calculated as M, = 0.9f,,A;.d;. The terms d,, A and f;, repre-
sent the effective depth, area and yielding strength of strands used as
ties, respectively, at each HC unit. The vertical displacement at event A,
84, is calculated with the Eq. (6) based on the chord rotation at ties’
yielding:

M,
=01, = {70 5 I;" ILdeb:| L (©)

where an average value between yielding moment at end- and mid-joints
can be adopted and the cracked stiffness is assumed equal to a half of the
un-cracked stiffness, while the Young’s modulus E,, has been evaluated
according to Eq. (7), [45]:

E. = 21500(f./10)" %)

in which f. is the concrete grouting compressive strength.

The displacement at event B, g, is equal to the height of the HC unit,
h, since it was experimentally observed the onset of catenary stage at a
displacement approximately equal to the member’s height [19,23,29,
46]. The compressive arch action resisting contribution is neglected in
virtue of the high span-to-depth ratio of HC units [47].

The vertical load at full catenary, Pg, is calculated with the Eq. (8) by
considering the equilibrium in Fig. 4(a) and Fig. 5(a) and 6¢ in Eq. (4):

[

Pe = 2Fp, - = 2Fpufc (8)
1

The previous formulations have been extended in the case of an

entire hollow-core floor system, Fig. 1, where the reference assembly is
indicated. The basic idea to obtain the whole load-displacement
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Fig. 5. Double-span HC units: (a) quasi-static load-displacement curve, (b) dynamic capacity curve and (c) dynamic amplification factor, refer also to [38].

response is to superimpose the resisting contributions of the distributed
ties in “J” slab units by calculating ties displacements proportionally to
the displacement at column loss location, §, as shown in Fig. 6. The
resistance Py at displacements & (with event k =A, B and C) for
distributed ties in hollow-core units is calculated by using the Eq. (9):

A Reference
Beams’ ties | % PC beam assembly
e __§J ___________ g
A E . i
W 7 | i
1
q 1 A
W — i
W‘ i i-th HC unit ‘AWL
< . ‘ J i | |
| h |
T i T
: K
AR \L"M
' ouble-span HC units W
v =8 e i W

L
»A’  Column loss

HC units’ ties

v Xi i-th HC unit "

0, =0x,/L ==
i i t K, ~—
. " PC beam = - 4
Linear 5, ey
displacement Section A-A’ I Column
interpolation < t > loss

Fig. 6. Displacement interpolation in the HC floor with slabs and beams, refer
also to [38].

k=A,B,C
i = i— th HC units (©)]

J
Py = Myst Z P,'((S,') where
= J = # of double — span HC units

The parameter ngy;; depends on the column removal location (Fig. 1):
(i) 2 for interior column loss, (ii) 1 for peripheral edge column loss and
(iii) 0.5 for corner column loss.

2.3.1.2. Resisting contributions of concentrated ties in PC beams. The
flexural and catenary resisting contributions provided by ties placed in
PC beams are similar to those described for double-span HC units in the
Section 2.3.1.1.

The flexural resistance provided by concentrated ties in PC beams is
calculated with the Eq. (10), [30,38], based on the work by El-debs et al.
[48] and Elliot et al. [49,50]:

_ My +2My ) 2

Pyy - L L [Viava +foAspiyoe) = 0
2 Vira 0.45f,y Ay,

=— hy, —0.5— | +f,Ay — B
L [V’”( »=0 Sbhﬂ) Toflus (d”" 0.67-0.9%.b;

Where Vg4 is the steel dowel shear resistance [51], calculated as Vzy =
nad? \/m. The terms are: ng, ¢q and fsy4 are the number, diameter,
and yield strength of the dowel and f. and f, are the concrete
compressive strength of grouting and PC elements. The term by is the
width of the beam, hy, is the height of beam-end, while My, , 7y and My, 5
are the yielding moments at mid-joint and end-joints, as shown in Fig. 7.
The contribution at catenary stage of concentrated ties, Py, is propor-
tional to the displacement of slabs at column loss with the Eq. (11):

(Pb,u - Pb,y)

Poe = (86 — 35)

Py, + (8¢ — 88) an



S. Ravasini et al.

Concentrated ties f,4,,
o + e e

= !
o |

Structures 63 (2024) 106427

Stress block

M, by,MJ

Ya

Fig. 7. Negative and positive moments [48-50] at yielding, used in [30,38].

The displacement &, of concentrated ties in PC beams is calculated
with the Eq. (12):

F 2
Spu = \/(2sb.u +Lt)2 - (LI - I;‘)
t

The slip of the ties in PC beams, sp,, in correspondence of the bar
fracture, is calculated with the model by Feng & Xu [52] with the Eq.
(13):

5 = iﬁy{/’b.z T (Ssu + gxy) (su *fsy)qﬁb.r
T AVE 2 405

The load at full catenary of concentrated ties in PC beam is calculated
with the Eq. (14):

(12)

13

(Sb.u

2 u
Pyu = 2F " = 2(Ag fyy) e 14
't

Lr
The final displacement of the system is attributed to the minimum of
the ultimate displacements of the HC floor units and the transversal PC
beams, in Eq. (2) and Eq. (12), respectively. The load Py, is calculated
with the Eq. (8), by using the geometrical and mechanical properties of
concentrated ties in beams (where F,, = Ay, f;,) and the span L,.
Finally, the total quasi-static pushdown load of the system is the sum
of Egs. (9) and (10) for the events A, B and of the Egs. (9) and (11) for the
event C. It is worth to state that, depending on the column loss scenario
(Fig. 1), the PC system is assumed to provide the following resisting
mechanisms:

e In the case of interior column removal scenario (Fig. 1), the system
relies its resistance on both flexural and catenary action resisting
contributions, thus all the main events can be attained (from A to C).

e In the case of peripheral edge column removal scenario (Fig. 1), the
system relies its resistance on the maximum between its flexural
resistance and the catenary resistance of concentrated ties in PC
beams, with no resisting contribution of ties in HC units due to lack of
continuity. However, since the resisting contribution of concentrated
ties in beams may be inhibited due to insufficient restraining, it is
conservatively assumed to rely only on the flexural resistance of the
slabs and beams, where the maximum system’s capacity in terms of
load and displacement are associated to the achievement of the event
B. The same assumption is valid for the corner column removal
scenario.

2.3.2. Dynamic load-displacement curve
The dynamic load-displacement curve, so-called pseudo-static

response [49], is calculated with the energy conservation principle [53,
54], and the expressions are reported in the Eq. (15), Fig. 5(b):

1
PdA:EPA

1
Pd.B :7[PA5A Jr (PA +PB)(63 —6A)]

265 as

1
Pd4C = g[PA(sA + (PA JrPB)((SB — (SA) + (PE +Pc)(5c — 53)]
C
The critical load multiplier, a.y, is a robustness indicator and is
defined as the ratio between the pseudo-static capacity, P4, and the
applied load, Py, which presents a rational measure of robustness [49]:

max (Pd‘k)

P (16)

Aris = k=A,B,C

If a., results greater or equal than 1, the system can sustain the loss
of the load bearing element, otherwise, the system collapses. If ac is
equal to 1, the system is at incipient collapse. In other words, if the
applied load Py intersect the dynamic capacity curve, Fig. 5(b), the
system can sustain the loss of the load bearing element and the
maximum displacement, &y, is obtained.

Finally, the Dynamic Amplification Factor (DAF) [55] is calculated
with the Eq. (17):

P
DAFA(6A):PIA =2 ford < 5 < 8,
d A
Py 2645Py
DAFg(6g) = — =
8(3s) Pip  [Paba+ (Ps+ Py)(8p — 64)]
Pe 260Pc
DAF(8¢) = -5 =
c(0c) Pic  [Paba+ (Pa+ Py)(8s — 64) + (Ps + Pc) (8¢ — 65)]

@a7)

The DAFj, corresponding to the load Py, is determined from the
intersection, see Fig. 5(c).

It is worth to state that, to better discretize the load-displacement
capacity and DAF curves, intermediate points can be adopted between
the events A, B, C, as described in [38].

3. Application example and discussion

An example is described herein with the step-by-step application of
the proposed design procedure in the case of interior column loss. The
results are thus compared with the minimum TF requirements from
Eurocode 1 and 2.
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3.1. Geometrical and mechanical features

The geometrical features of the PC building reported in Fig. 1 are
referred to previous works [17,30] and are summarized in Table 2. The
number of HC slabs, J, of the reference system is equal to nine, so giving
a transversal span length, L, of 9 x 1.2 = 10.8 m, while the longitudinal
span, L;, is equal to 7.2 m. The compressive strengths of concrete
grouting at joints, f,, and PC elements, f., are equal to 30 and 50 MPa,
respectively, and the properties of ties are shown in Table 3. Precast
concrete beams and columns are connected with one steel dowel of
diameter 18 mm [30]. For simplicity, the ties of the HC slabs are placed
at half of the element height (d; = 110 mm) and the effective depth of
beam, dj, is equal to 850 mm. For details concerning the geometry of
slabs and beam, refer to Fig. 8, Fig. 4(b) and Fig. 7.

The accidental load combination and the combination coefficient, v,
equal to 0.5, from the Eurocode 0 [56], have been adopted. The dead
and live loads, Dy (3.5 kN/m? of HC slab and RC topping weights and
0.5 kN/m? for floor equipment) and L;, are equal to 4 kN/m? and
4 kN/m?, respectively. By considering also the transversal beam weight,
Wy, roughly equal to 8 kN/m x 10.8 = 86.4 kN [17,30], the load, Py, in
accidental design situation results equal to:

Po = wLL; + Wy = (D +wL,)L.L + Wy = (4.0 +0.5-4.0)-10.8:7.2 + 86.4
= 552.96 kN

3.2. Procedure for design of tying reinforcement

In the following, the procedure summarised in the flow-chart illus-
trated in Fig. 2 is reported. The main steps are described in detail with
the formulations reported in the Section 2.3.

3.2.1. Preliminary design of tying reinforcement

In this step, the Izzuddin & Sio formulation reported in the Eq. (1) is
applied with a DAF =5 =2, p = 1, and the chord rotation capacity of
strands, calculated according to Eq. (2) as:

) \/ (&L, + L))" — (L) \/ (2-0.035-350 4 7200)° — (7200)°
- L B 7200

= 0.0826 rad

The equivalent load is calculated with the Eq. (1) and becomes:

if 3.125
T>np(L)Py =21~ ).552.96 = 8371.49kN
= (0) 0 (0.0826/0,2 ? ?

Where the equivalent tying resistance, T, is calculated by summing the
resisting contributions of ties placed in beams and slab units indicated as
T; and Ty, respectively. By assuming (1) three 28-mm bars in PC beams
and (2) three 15.7-mm strands (each strand’s area equal to 150 mmz) in
each HC unit, the contributions are calculated with yield strengths and
x = 0.5L;:

e (1))

7 x 28?2 72 s
= 0937527, -450~<m) 0.75% = 292.24 kN

Table 2
— Geometry of HC slabs and PC beams.
PC member h (hy) b (by) L, Laeb L d, dpt
[mm] [mm] [m] [mm] [m] [mm] [mm]
HC slab 220.0 1200.0 - 350.0 7.2 110.0 -

©) ©)
Transversal PC -
beam (580.0)

- 10.8 - - 850.0
(500.0)
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L 3-150-1670
T = hb bl (z) (W

)~(1000~10.8) +0 = 8116.20 kN

The total equivalent tying force T results equal to 8408.44 kN, higher
than the required equivalent load. It can be observed that T, > > Ty,
indicating the predominant role played by distributed floor ties in
resisting progressive collapse. However, the concentrated ties placed in
beams allow the redistribution to adjacent members and must be
adopted [7,51]. Note also that the design of ties with the equivalent
tying force T, Eq. (1), has been carried out by conservatively considering
the yielding strength [36].

3.2.2. Calculation of the system resistance
The resistance of the HC floor system is established as follows.

3.2.2.1. Calculation of the pushdown curve of double-span HC floor units.
The yielding moment of the HC slab sections is calculated as in Section
2.3:

M, = 0.9f,,A, d, = 0.9-110-3-150-1670 = 74.40 kN-m

Note that yielding moments and end- and mid-joints are almost equal
since ties are assumed to be placed at half of HC height. The corre-
sponding load is calculated with the Eq. (5):
4M, 4744

=-——=4133 kN

Py =Py =
AT 72

The elastic modulus of the concrete grouting is calculated with the
Eq. (7) resulting equal to 31008.37 MPa. The second moment of inertia,
I, is calculated with an equivalent I-shaped section for HC slabs with b,,
=450 mm and top and bottom flanges equal to 40 mm, resulting in I
=8.93-10° mm*. The displacement at yielding, 8, is thus calculated
with the Eq. (6):

74.40-10°
0.5-31008.37-8.93-108

M,
o4 =0\, = {FL)?ILM} L= (

= 13.54 mm

350> -7200

The displacement at event B, &g, is equal to 220 mm. The displace-
ment at catenary stage, &, is calculated with the Eq. (2):

5c = \/ CeplLas + L))" — (L) = \/ (2-0.035-350 4 7200)* — (7200)>
=594.47 mm
The corresponding load is calculated with the Eq. (8):

594.47

oc
Pc = 2F,,°C = 2.1860-3-150- =138.22 kN
¢ ™, 7200

3.2.2.2. Calculation of resisting contributions of PC beams. The shear
resistance of the steel dowel, Vgy, is calculated as:

Via = 1@/ Foefrpa = 1-1-182-1/50-450 = 48.60 kN

The load at yielding of ties in PC beam, Py,y, is calculated with the Eq.
(10), [30,38]:

2 V, 0.45f,, Ay
Py = A {de (hb -0.5 7Rd> + foyAsvs <db,r _ 04w, )] =
't

buf. 0.67-0.9(.b,
2 48600
— = |48600- 580 — 0.5 0%
10800 { 500.30}
282
45037282 0.45-450-3.%
Y T 06030500 ||~

2 6
= Togoy 2811 +672.0210° = 129.63 kN
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Table 3
— Mechanical properties of tying reinforcement.

Structures 63 (2024) 106427

Tying reinforcement Rebars (in beams) Strands (in slab units)
fsy fou Es Esu oy Jou Ep Epu
[MPa] [MPa] [GPa] [%] [MPa] [MPa] [GPa] [%]
Properties: 450.0 200.0 0.075 1670.0 1860.0 195.0 0.035
540.0
P P 2
PC = Ny ZPC,[ =
i=1
, . . =2.(41.33 +41.33 + 41.33 + 52.77
2 ) +69.86 + 86.95 + 104.04 + 121.13 + 138.22) =
! i = =2-696.96 = 1393.92 kN
350 R o T The results from interpolation are summarized in Table 4.
0
1 ’ - 2g) - The catenary contribution of the PC beam’s ties is proportional to the
A00, o a2 HC floor displacement, calculated with the Eq. (11):
250 °°
T 4 P u Py
N N N s Pb,[ _ an“ + ((;, l;,y)) (5(5 _ 58)
bu — OB
g 300 g (118.53 — 89.57)
I = 89.57 +m (594.47 —220.0) = 119.78 kN
N N N ’ ’
250 Finally, the total quasi-static load of the HC floor system is updated

Fig. 8. Details of HC slabs and PC beams for the example. Dimensions in [mm].

Note that the resisting contribution provided by dowels is very low
and, in practical applications, could be neglected. The ultimate slip of
the ties, sp,, is calculated with Eq. (13):

5 = Elf\»(/)lu n (gxu + 8s_v) (fsu 7f:)‘)¢b,t _
T AR 2 405

450 450-28 450 (540 — 450)-28
=0.5 .5 0.075 ) ——F—=19.53
200000 4-4/30 (200000 * ) 4-0.5-/30 o

Thus, the catenary displacement and load, &, and P, are calcu-
lated with Egs. (12) and (14):

Spu = \/(2s,,_u +L) = (L) = \/(2-9.53 +10800)° — (10800)
= 642.0 mm

28? 642.0
Py, = 2-(3%7) -540- (m) = 118.53 kN

Since 6p, > 8¢, the failure of the system is attributed to the fracture of
ties in HC units.

3.2.2.3. Calculation of the pushdown curve of the HC floor system. The
system’s load-displacement curve is calculated with a linear interpola-
tion and the contributions of HC floors with the Eq. (9), and shown in
Fig. 6. The loads ad events A, B and C attributed to the HC floor units are
summed as follows, where ngy is equal to 2:

9
Py = Pgyst E PA,i =
i=1

2-(4.5949.19+13.784+-18.37+22.96 +27.56 4 32.15+36.74 +41.33) =
=2-206.67=413.34 kN

9
Pg =nyy E Pg;i=
=

=2-(41.33+41.33+41.334+41.33+41.33
+41.334+41.334+41.334+41.33) =
=2-371.99="743.98 kN

with the PC beams’ resisting contributions:

Py =413.334+129.63 = 542.96 kN
Py =743.98 +129.63 = 873.61 kN

Pc =1393.914119.78 = 1513.69 kN

3.2.2.4. Calculation of the capacity curve, critical load multiplier and
amplification factor. The dynamic capacity curve is calculated as re-
ported in the Eq. (15):

1 1
Py :EPA :5542.96 =271.48 kN

1
Pyp===[Pabs+ (Ps+Pp)(6p—64)] =
2065

1
7m[542.96~13.54

+(542.96 +873.61)-(220.00 — 13.54)] = 681.40 kN
1
Pyc :E[PAéA +(Pa+Pp) (85 — 8a) + (Ps + Pc)(6c — 0)] =
c

| [542.96:13.54+ (542.96 +873.61)-(220.00 — 13.54)+

259447 | (873.61 + 1513.69)-(594.47 — 220.00)
= 1004.08 kN

The critical load multiplier, ac, is determined by the ratio between
the maximum dynamic load (where k = A, B, C) and the applied load Py:

max (Pg)  1004.08
Py 55296

Qerie = =182

Therefore, since it is greater than 1 (i.e., Pg < Pg c), the system is able
to sustain the gravity load Py after the column loss. Finally, the dynamic
amplification factor is calculated with the Eq. (17):

P
DAFA((SA):P—A:Z for) < 5 < 5,

dA

Py 873.61
DAFy(55) :ﬁBf eara0= 128

Pc 1513.69
DAF¢(5¢) =5 100408~ !

And both the displacement under applied load Py, 5y, and the DAF,

10
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Table 4
- Displacement and load interpolation of HC floor units of the reference assembly.
HC #1 #2 #3 #4 #5 #6 #7 #8 #9
units:
Xi 1.20 2.40 3.60 4.80 6.00 7.20 8.40 9.60 10.80
[m]
da,i 1.50 3.01 4.51 6.02 7.52 9.02 10.53 12.03 13.54
[mm]
Py 4.59 9.19 13.78 18.37 22.96 27.56 32.15 36.74 41.33
[kN]
OB,i 24.44 48.89 73.33 97.78 122.22 146.67 171.11 195.56 220.00
[mm]
Pg; 41.33 41.33 41.33 41.33 41.33 41.33 41.33 41.33 41.33
[kN]
bc,i 66.05 132.11 198.16 264.21 330.26 396.32 462.37 528.42 594.47
[mm]
P¢,; 41.33 41.33 41.33 52.77 69.86 86.95 104.04 121.13 138.22
[kN]

are calculated based on the intersections shown in Fig. 5 and by using a
simple linear interpolation.

3.2.3. Iterative procedure and optimization of tying reinforcement

The tying reinforcement can be optimized by using the updated DAF
(at the end of the previous calculation steps, equal to 1.20 from a linear
interpolation by intersecting the load Py with the DAF plot). With this
new value, the ties are re-designed in the iteration #2 by adopting the
Eq. (1) and the procedure continues till the optimisation of the critical
load multiplier is achieved. Table 5 reports the iterations and the cor-
responding DAFs, maximum displacements, tying reinforcement and
critical load multipliers. The graphical results of the procedure are
summarized in Fig. 9 in terms of pushdown (PD) load-displacement
relation and capacity curve (CC) as well as DAF.

Similar calculations can be performed by considering the absence of
concrete grouting at joints, although it leads to a more punitive verifi-
cation of the system in virtue of the consequent higher dynamic
amplification factors, as described and discussed in [38]. However,
grouting of joints is a well-consolidated construction practice [7,51] and
its beneficial resisting contribution must be adequately considered. Also,
the use of rebars as distributed ties in HC floor units and/or the use of
strands as concentrated ties in beams are permitted by following a
similar procedure.

Note that the displacement &y, derived from the intersection of the
capacity curve with the accidental load Py, corresponds to the maximum
displacement at transient state achieved by the system after the support
loss.

Table 5
— Main results of the proposed procedure.

3.3. Comparisons with current Eurocodes provisions

In the context of progressive collapse resistance, the ties placed in the
PC members and at each HC unit can be designed according to the
Eurocode 1 and 2 [5,6]. From Eurocode 1 [5], the calculations of the
minimum tensile force to be sustained by concentrated ties in beams and
distributed at each HC slab unit, respectively, are:

T,y > max|[0.8-L,-L,(D, +wL.); 75] = max[373.25;75] = 373.25 kN

Eurocode 2 [6] provides the following minimum requirements for
ties in beams and floors, respectively:

L+L
T,, > max [20.%; 70} = max[180;70] = 180 kN

Tinc > 20 kN /m

To satisfy the minimum Eurocode requirements, it is sufficient to use
two 26-mm bars in PC beams and one 9.3-mm strand (52 mm? area) at
each HC unit. Fig. 10 shows the comparisons of the pushdown and ca-
pacity curves calculated with the analytical method (Section 2.3) by
considering the tying reinforcement designed with the proposed pro-
cedure and Eurocodes. In the latter case, it is evident a considerable loss
in the load-bearing capacity of the system (Fig. 10(a)) and the inability
to redistribute the loads, as evidenced by the absence of intersection
with the capacity curve, Fig. 10(b). Indeed, the critical load multipliers
result equal to 1.20 and 0.32 in case of proposed design procedure and
Eurocodes, respectively.

The main differences are attributed to the following aspects:

Iteration Calculated from the Izzuddin proposal[36,37]. Calculated from the analytical approach, further details in[38]
pP* Tying reinforcement T1+T, =T Qcri So DAF (=n)
[kN] [mm?] [kN] /1 [mm] /1
#1 8371.49 3 28 bars in beams 292.24 1.82 89.08 1.20
n=2) + +
3 ¢15.7 strands in HC slab 8116.20 =
= 8408.44
#2 5022.89 2 ¢26 bars in beams 167.99 1.61 171.24 1.26
(7 = DAF #1) + +
3 ¢15.2 strands in HC slab 7521.01 =
7689.00
#3 5274.04 2 (26 bars in beams 167.99 1.20 400.37 1.41
(7 = DAF #2) + +
2 ¢15.7 strands in HC slab 5410.80 =
5578.79

Note: Py = 552.96 kN, ir = 3.125, ¢ = 594.47 mm, 6c = 0.0826 rad.
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Fig. 9. Results from the proposed procedure: (a) Variation of a.. and equivalent

tion factors.
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Fig. 10. Results from the comparisons between the proposed procedure and current Eurocodes design of tying reinforcement.

1. The Eurocodes does not provide the adequate intensity factor, i,
(equal to 0.8 in EC1 [5]), while for the proposed design procedure
varies with the structural configuration, as discussed in [36,37],
from 2.5 for beams to 3.125 for floor systems. Furthermore, the first

fundamental input parameter, the chord rotation capacity of the
system - representative of the system’s ductility — must be also
considered in the design of ties and lacks in the current Eurocodes.
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2. The second fundamental input parameter, the dynamic amplification
factor, is also not considered in Eurocodes. Indeed, the loss of load-
bearing elements is a dynamic phenomenon and inertial effects
must be adequately considered.

In the proposed procedure, both the chord rotation capacity and the
dynamic amplification factor are adequately considered in the calcula-
tion and are adopted in the design of ties by using the Izzuddin & Sio
proposal [36]. The example highlighted that: (i) the proposed procedure
can design the adequate tying reinforcement, (ii) the current design
provisions of Eurocodes [5,6] for tying reinforcement are not adequate,
also according with previous studies [17,30,36,37,57-59].

4. Novel detailing for distributed ties in HC floors
A novel detailing for HC floor units is described for the distributed

tying system with partially debonded strands and is proposed to opti-
mize connections between the PC beams and the HC units. In particular,

Structures 63 (2024) 106427

the proposed detailing suggests placing distributed ties running along
the longitudinal joints of HC units. Indeed, such option is considered
more viable in construction practice compared with that with ties in
voids, as already stated in the Section 2 of this work. The detailing is
based on the observations of the example calculation previously re-
ported, to meet practical construction issues and progressive collapse
performance.
The section of the HC floor unit is reported in Fig. 11 where:

e Rebars are placed within the keyways of the HC slab with small
diameter, usually 12 mm without robustness purposes, and are
conservatively neglected in the calculation of the progressive
collapse resistance.

e Strands are used for robustness scopes and are placed into longitu-
dinal joints of the HC slab, along the whole span length.

Two options are shown, Option 1 (Fig. 11(a)) and 2 (Fig. 11(b)), both
viable during manufacturing process. The observations are:

Toppin, Stirrups
Longltudmal joint Wire mesh Rebars Rebars Keyyvay P p &
e / /
I . g XA52 — — A52
o I I a4 4 2
S Ll A% L ¢ J | A9J X
T. A\ / L / \ \ B
l[e=t= ! Koy AN AoY °A93 A9
| E—— ES ) //
Strands HC slab reinforcement A Strands | g
1145
p 1195 y
(a)
. Toppin
Longitudinal joint Wire mesh  Rebars Keyway Rebars PPIng Stirrups
52 A52/ | o
y N ;7 AO93
3 ¥ 93 Roy ° [e=t=|
HC slab relnforcement B “\S“t“r\éfhds
1145
1195
(b)
r-r-r——————————7= [
I
| Longitudinal joint :
' |
I S |
: Stirrups [
I
I g | Precast
I N I
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[ : Grouting
: Strands Enclosing [
wires I
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(©)

Fig. 11. Detailing of HC slab and joint: (a) Option 1, (b) Option 2, (c) detail of longitudinal joint. Dimensions in [mm].

13
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Openings at the base of the original HC section are provided to allow
the passage of strands. The distributed floor ties composed of pre-
stressed strands must be closed by small diameter wires to avoid the
opening of joints at the large displacements.

Stirrups should be placed into joints to connect the wire mesh placed
in the concrete topping and the HC slab units.

The strands placed into the longitudinal joints must be adequately
placed approximately at the mid height of the opening to allow the
correct concrete grouting. Generally, the indications provided by the
Eurocode 2 [6] concerning the concrete cover should be followed,
also regarding durability issues.

The longitudinal joints (Fig. 11(c)) must be carefully designed and
special attention should be paid to the stress concentration, expected
to occur in correspondence of voids.

Fig. 12 shows the detailing for the two different options in corre-

spondence of the Section A.

The following observations can be drawn:

The rebars placed in the keyways must be well anchored to allow a
sufficient integrity of the HC slab to the casted concrete. Both upper
and lower rebars are placed to partially absorb the negative moment
although HC slabs are usually designed as simply supported.

In the case of an inversed T-shape beam, the placing of rebars is more
complex compared to the usual T-shape section since a hole must be
provided for the passage of ties.

Fig. 13 shows the detailing for the two different options in

P

C beam ties  Grouting

Structures 63 (2024) 106427

correspondence of the Section B.

The following observations can be drawn:

e The strand is covered by a plastic tube in correspondence of the joint

with the transversal PC beam. The plastic tube allows to overcome
the issue of limited strand ductility. Indeed, such length is the
debonded length Lg4p used in this work to calculate the strand
elongation in the analytical procedure. The remaining part of the
strands outside the plastic tube are bonded.

e In the case of inversed T-beam cross section, a hole must be provided

to allow the passage of the strand and the plastic tube across the
joint.

5. Conclusions

In this work, a simple yet reliable robustness-oriented design pro-

cedure for tying reinforcement in precast concrete hollow-core floors is
proposed. The work is based on the novel proposal by Izzuddin & Sio
[36], where the chord rotation capacity and the dynamic amplification
factor are estimated based on the recent analytical work by Ravasini
[38]. The concept behind the proposed procedure is the optimisation of
the amount tying reinforcement in PC buildings to meet construction
practice and issues, with a sufficient margin of safety and accuracy,
aimed to practicing engineers facing with the issue of mitigating pro-
gressive collapse phenomenon. An application example is provided to
clarify the steps of the proposed procedure and a brief discussion on a
novel detailing of ties in HC floor units is reported.

Rebar  Keyway

The following conclusions can be drawn:
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Fig. 12. Detailing of Section A. Dimensions in [mm].
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Fig. 13. Detailing of Section B: non-prestressed strand covered with plastic tube for debonding purposes for the two options. Dimensions in [mm].

¢ Anovel proposal of using partially debonded strands is discussed and
analytically investigated. To overcome the limited ductility of
strands, an adequate debonding length, L4, above the support can
be adopted. This choice is justified by the facts that strands provide
high tensile resistance compared to rebars, by allowing lower rein-
forcement ratios and are easier to be arranged in HC floors. The
ductility of the system can be governed by selecting the appropriate
debonding length.

The proposed procedure can be efficiently used to design tying
reinforcement in precast concrete buildings, where the capacity of
the system was demonstrated to be greater than the demand, with a
rational optimisation of tying reinforcement placed in PC members.
The importance of the system ductility - through the chord rotation
capacity - and the dynamic amplification factor was highlighted.
Indeed, lower system ductility and greater dynamic amplification
factor lead to more punitive design, requiring higher amount of
reinforcement.

o A step-by-step example is provided to clarify the design procedure,
and finally the example demonstrated the inadequacy of the current
design provisions of the Eurocodes, according also with other studies
in the literature.

The proposed detailing scheme presented in Section 4 could be
experimentally tested and numerically investigated through detailed
finite element analyses. It could be extended to other slab geometries
for a wider application to structural robustness purposes. Also, the
proposed detail is viable due to the possibility of control the
manufacturing of the HC slabs during the extrusion process. In
addition, based on construction practice, the filling of transversal

15

and longitudinal joints must be carried out and, therefore, is make
sense to provide the additional reinforcement within joints, with a
reasonable increment of costs and workmanship. The cost and
manufacturing aspects are interesting and are worth to be investi-
gated in a dedicated work.

From the research point of view and future works, ad-hoc experi-
mental campaigns are required to investigate the progressive collapse
resistance at component and building levels with tying reinforcement,
eventually coupled with detailed finite element simulations to further
validate and refine the analytical calculations.
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