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Abstract
A growing attention has been paid to the deep renovation of RC buildings, particularly 
focusing on their structural vulnerability and on the development of retrofit strategies; 
however, the issue of the in-plane diaphragm action and the capacity of existing floors has 
rarely been addressed. Although floor capacity does not seem critical for the seismic capac-
ity of existing structures, commonly affected by greater vulnerabilities, it may become crit-
ical when an additional lateral force resisting system is introduced. This paper investigates 
the in-plane capacity of beam and hollow-clay-block floor system, typical of the European 
post-WWII RC buildings. Considering the diaphragm action as associated with an in-plane 
tied-arch mechanism developing within the floor thickness, the main failure mechanisms 
are discussed, and some simplified equations are provided to preliminary estimate the max-
imum capacity of floors. Experimental and numerical analyses are than carried out to vali-
date the simplified analytical model. The relevant influence of possible staircase openings 
on the in-plane load paths and on diaphragm flexibility and capacity are also considered. 
Finally, the influence of the floor capacity on the seismic vulnerability assessment and in 
the conceptual design of a seismic retrofit intervention is discussed. This preliminary study 
shows that only some of the beam-and-block floor systems have a reliable in-plane capac-
ity, while other typologies cannot serve as floor diaphragms. When the diaphragm action 
can be relied upon, the diaphragms often exhibit a fairly stiff behaviour up to a brittle fail-
ure, which is commonly associated with the ultimate capacity at the tied-arch supports.

Keywords  Floor diaphragms · Beam and block floor system · Floor in-plane capacity · 
Existing post-WWII RC buildings · Seismic retrofit · Seismic vulnerability

1  Introduction

About half of European RC buildings were built in the aftermath of the WWII in the lack 
of seismic regulations. Today, their nominal structural service life is exhausted, and they 
are obsolete and intrinsically vulnerable to seismic actions. According to the UN Agenda 
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(United Nations 2015), a major effort should be made to retrofit these building stock in 
order to increase safety and resilience of the society.

For the retrofit of RC structures, great attention has been paid to structural vulnerability 
assessment and many seismic retrofit solutions have been proposed and validated through-
out the years; however, the issue of the in-plane capacity of existing floors has rarely been 
addressed. In the seismic retrofit of buildings, floors play a critical role since they should 
be able to act as diaphragms connecting the vertical elements (frame elements or walls), 
thereby enabling the activation of the Lateral Force Resisting System (LFRS). In the 
response of a structure against earthquakes, the major roles of the floor diaphragms are the 
following (Mohele et al. 2010) (Fig. 1):

•	 To transfer the inertial loads from the floor to the vertical elements of the LFRS;
•	 To distribute the ‘transfer forces’ among different elements of the LFRS (Fleischman 

et  al. 2005a). ‘Transfer forces’ (or ‘compatibility forces’) are internal actions that 
develop in the diaphragms in response to displacement incompatibilities in the LFRS 
(e.g. in dual systems composed of walls and frame) or to discontinuities of the verti-
cal elements of the LFRS (e.g. in case of a setback of the building profile, podium 
structures, discontinuous walls between adjacent floors, etc.) (Bull 2004, Mohele et al. 
2010) and may be even much larger than inertial forces (Gardiner et al. 2008);

•	 To provide lateral constraint to the vertical elements against buckling and second-order 
forces;

•	 To resist out-of-plane forces of exterior walls and claddings;
•	 To support soil loads below grade bearing out-of-plane against the basement walls, 

which are constrained at the diaphragm level.

In the design of seismic retrofit interventions, a doubt arises about the capacity of the 
existing flooring systems to act as diaphragms. In fact, although these systems do not 
seem critical for the capacity of the existing structures, which are often affected by vulner-
abilities associated with the LFRS vertical elements, they may become critical when an 
additional stiff LFRS is provided to the structure. This issue is particularly relevant when 
retrofit interventions are applied from the outside of the building by means of structural 
exoskeletons, suitable to avoid inhabitants’ relocation and building downtime (Marini et al. 
2017; Passoni et al. 2020). In this case, in fact, it is impossible to increase the in-plane floor 
capacity with traditional strengthening measures, i.e. casting an additional topping to the 
floor, since it would require the inhabitants’ relocation and the floor finishing substitution 
(FEMA 547, Marini et al. 2010, Mohele et al. 2010).

In order to evaluate the in-plane capacity of floor systems, some research was developed 
in recent years, particularly focusing on the seismic behaviour of the diaphragms. These 
studies mainly addressed different floor technologies, typical of the United States and 
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Fig. 1   Major roles of diaphragms to resist lateral loads
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New Zealand construction sector, which are cast-in-place RC floors (Mohele et al. 2010, 
Correal et  al. 2020), precast concrete floors (Fleischman et  al. 2005a b; Schoettler et  al. 
2009; Zhang and Fleischman 2016; Bull 2004; Matthews 2005), and timber diaphragms 
(Moroder et  al. 2014; Moroder 2016; Brandner et  al. 2017). To the best of the authors’ 
knowledge, only a few researches were carried out on beam-and-block floor systems (Tena-
Colunga et al. 2015; León Flores et al. 2008; Pecce et al. 2017); however, the considered 
systems differ from the post-WWII European beam-and-clay block floors because they 
were realized with concrete blocks, they always presented a cast-in-place reinforced con-
crete overlaying thin slab, and they were designed in accordance to modern building codes.

This research investigates the in-plane capacity of existing beam-and-clay block floor 
systems typical of post-WWII European RC buildings. Focusing on the sole inertial forces, 
internal load paths in the diaphragms are investigated, and possible failure mechanisms of 
beam-and-clay block floors are discussed. In particular, if some prerequisites are ascer-
tained, a tied-arch resistant mechanism and a stiff behaviour up to a brittle failure is pro-
posed to preliminary model the structural behaviour and to estimate the ultimate capacity 
of these floors. The model is validated by means of experimental and numerical analyses. 
A preliminary laboratory test is carried out to determine the mechanical properties of a 
sub-system composed by a clay block and the two adjacent RC joists when subjected to a 
biaxial stress state. Experimental results are then implemented into a bidimensional non-
linear finite element model of the diaphragm, considering the floor in the as-is and in two 
different retrofit configurations (i.e. resulting in different diaphragm span to width ratios—
adding 2 or 4 transversal shear walls) and subjected to a uniform distribution of inertial 
forces. These analyses allow to validate the proposed diaphragm internal load paths and 
the associated diaphragm ultimate capacity for varying the mechanical properties of the 
system and for varying the retrofit configurations. Finally, the implications of such study 
for the design of seismic retrofit interventions, especially when carried out from outside, 
are discussed.

2 � Typologies of beam‑and‑clay block floor systems

Two main floor typologies can be found in European post-WWII RC buildings: RC slabs 
and one-way composite beam-and-clay block floor systems. Typical one-way beam-and-
block floor systems, particularly widespread over the Mediterranean countries, are made of 
a series of parallel joists and rows of hollow-clay-blocks, sometimes completed with a RC 
topping of 2–5 cm thickness. In those years, each brick manufacturer developed different 
patented systems leading to a variety of floor typologies, but with similar features.

Joists may be either cast-in-place RC beams, often featuring a lower clay formwork, or 
prefabricated RC beams, made of mixed masonry and RC elements or by pre-stressed RC 
joists. They generally have a base ranging between 70 mm-100 mm, with a height-to-span 
ratio of about 1/30, as typically requested in standards at the time of construction (as, for 
instance, Oliveto et al. 2011).

Hollow-clay-blocks, adopted for their lightweight properties and for their low cost, are 
either single blocks (Fig. 2a, b) or an assemblage of different hollow-clay-tiles (Fig. 2c, d). 
Special hollow-clay-blocks with a thickened top were also developed to contribute to the 
structural capacity of the floors against gravity loads (Fig. 2b). With these special blocks, 
the concrete topping was often avoided since the thickened top of the block (Fig. 2b) was 
considered to contribute to the flexural resistance of the floor. The type of blocks and the 
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presence of the concrete topping slab are critical for the estimate of the in-plane floor 
capacity.

3 � In‑plane load path and failure mechanisms

Over the years, the in-plane capacity of the floor systems, and the analysis of the seismic 
load path in the diaphragms have been studied by several researches with reference to dif-
ferent floor typologies. Approaches to evaluate internal load paths may vary from simpli-
fied analytical models to finite element analyses. The complexity of the model is often a 
function of the regularity of the floor system. When the building is regular in plan, the sim-
plest model to represent internal diaphragm forces is the so-called ‘equivalent deep beam 
analogy’ (Bull 2004; Mohele et al. 2010). In this model, the inertia forces of the floor are 
represented as distributed forces along the diaphragm span, which cause in-plane compres-
sion struts in the diaphragms arching to the supports and balanced by a tension chord or 

(a) 

Typical cast-in-place floor system 

Supersolaio© floor system 

(b) 

Excelsior© floor system 

Celersap© floor system with prestressed joists  

(c) 

Cappa© floor system 

Varese© floor system 

(d) 

Stimip© floor system 

Sepal© floor system 

Fig. 2   Typical one-way beam and hollow-clay-block floor systems with (a) and without (b) concrete top-
ping; beam and hollow-clay-block floor systems with blocks composed of different hollow-clay elements 
with (c) and without (d) concrete topping. (Iurcotta 1968, RDB 1950, ANDIL 1983). Adapted from Zanotti 
et al. (2014)
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tie along the bottom edge of the diaphragm (Bull 2004). The capacity of the diaphragms 
is thus connected to a ‘tied-arch’ resisting mechanism. When the diaphragms feature plan 
irregularity, particularly in the case of large opening in the diaphragms, the more complex 
strut-and-tie approach should preferably be adopted in order to determine the statically 
admissible load paths in the diaphragm (Bull 2004). Finally, for increasing complexity of 
the floor irregularities and for irregular LFRS, equivalent truss method (Moroder 2016) 
or finite element modelling should be addressed. The finite element modelling is also an 
effective method to compute the ‘transfer forces’ between the diaphragm and the vertical 
elements of the LFRS (Mohele et al. 2010).

Previous researches investigated the possible influence of the diaphragm flexibility on 
the load paths due to the variation of the dynamic properties of a structure and many stud-
ies were devoted to the classification of existing floor systems among rigid, semi-rigid or 
flexible floors (Tena-Colunga et al. 2015; Moroder 2016, Pecce 2019, among others). In 
the following, the in-plane capacity of a general beam-and-clay block floor system is evalu-
ated, also accounting for the influence of large openings.

3.1 � Tied‑arch mechanism in floor diaphragms

Considering the tied-arch resisting mechanism and a floor with regular geometry, the mag-
nitude of the internal actions in the system for a given set of inertia forces depends on the 
tied-arch net span (L) and rise (zd) (Fig. 3), which in turn depend on the internal load path 
in the floor. The span and rise of the tied-arch are influenced by the floor layout, by open-
ings (i.e. the stairwells), and by the distance between adjacent vertical elements of the new 
and existing LFRS (Fig. 3).

When considering a typical post-WWII RC building in the as-is condition subjected to 
inertial forces, three main layouts of the LFRS may generally be considered (Fig. 3), result-
ing in different diaphragm’s load paths: (1) the RC frame structural system, where smaller 
tied-arches develop with span assumed equal to the spacing of the frame columns; (2) the 
infilled frame, where the tied-arch span is equal to the distance between the stiffer infilled 
frames (or to the infilled frames and the staircase walls); and (3) the frame with stiff stair-
case walls, where the reactions are taken by the walls and the loads are distributed so as to 
form two rampant arches having an extrados tie.

When retrofitting an existing building, different configurations of the new LFRS may be 
considered. In this paper, focus is made on a retrofit placed on the outside of the building, 
such as those implementing exoskeletons, which are aimed at minimizing the barriers to 
the renovation (Marini et al. 2017) and where the need of either floor strengthening or the 
construction of brand-new diaphragms inside the building would jeopardize the feasibility 
of the solution.

L

zdH

ff

Vfd Vfd L

H
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ff

Vfd Vfd L

H
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Fig. 3   Floor load distribution for three possible configurations of the building in the as-is situation in terms 
of geometry of the tied-arches. Note: for sake of clarity, the horizontal seismic loading is represented as 
external loads instead of distributed floor loads
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In the conceptual design of the structural exoskeleton, two main typologies could be 
adopted: the shear wall and the shell solutions (Marini et  al. 2017; Passoni et al. 2020). 
Considering the shear wall exoskeleton, a limited number of external walls are added to 
the existing building. The new retrofit system could be made by traditional reinforced con-
crete (RC) walls, steel braces or steel plate shear walls (Riva et  al. 2010; Moghimi and 
Driver 2013), post tensioned cross-laminated timber shear walls (Sustersic and Dujic 2014) 
or innovative systems such as rocking or hinged walls (Qu et al. 2012), among others. Con-
sidering the shell exoskeleton, new façades structural systems are exploited to enable a 
box-structural behaviour (Giuriani and Marini 2008; Giuriani et al. 2015). This leads to a 
reduced stress level in the new structural elements and in the foundation system and to a 
higher lateral stiffness compared to the shear wall solution. Some examples of shell exo-
skeletons are wooden shells (Zanni et al. 2020 2021), steel shells, or steel diagonal grid 
systems (diagrid exoskeletons) (Mele et al. 2021; Di Lorenzo et al. 2020; Labò et al. 2020), 
which may be in adherence of the existing building or may present an offset with respect of 
the building façades.

When the building is retrofitted by means of additional external LFRS, whose stiffness 
is higher than the stiffness of the existing building, the diaphragm tied-arch span is equal 
to the distance between the new seismic resistant elements (Fig.  4). In these cases, the 
tied-arch span usually increases in the post retrofit condition with respect to the as-is situ-
ation, especially when shell exoskeletons are applied, and the influence of the openings 
may become even more critical, as it may reduce the in-plane capacity of the diaphragm 
by reducing the tied-arch rise. In addition, higher inertia forces are expected in the stiffer 
retrofitted building.
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Fig. 4   Main floor load distribution for the retrofitted building with shear walls or with a shell configura-
tion, not considering (top) or considering (bottom) a floor opening at the staircase, in terms of geometry 
of the tied-arches. Referring to the plan views of the floors, blue tied-arches are associated with downward 
actions; while green tied-arches to upward actions
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3.2 � In‑plane failure mechanisms

When floor systems are made of different components (such as precast concrete units or 
beam-and-block elements), possible load paths may involve individual units and their 
joints and interfaces, and their potentially brittle behaviour may influence the global capac-
ity of the system (Fleischman et al. 2005a).

Existing beam-and-clay block floor systems can be divided into two main categorises: 
floor system featuring a thin structural overlay (or thin RC slab), and the floors lacking 
the overlay. In the case of cast-in-place structural topping, either featuring or lacking the 
steel reinforcement mesh, the loads are distributed between the concrete topping and the 
beam-and-block system as a function of their relative stiffness, up to the brittle failure of 
one of the layers, after which no redistribution of the internal actions can occur. On the 
other hand, in the worst case-scenario of beam-and-block floor systems lacking the top-
ping overlay (Fig. 2b), the resisting arch must develop across the joists and the lightweight 
hollow blocks. In both cases, the effectiveness of the load transfer mechanism between 
the joists and the blocks and the possible activable failure mechanisms must be carefully 
assessed. For example, when single hollow clay blocks are substituted by an assemblage of 
hollow-clay-tiles simply supported by the joists and in the absence of the concrete topping 
(Fig. 2d), the system is unable to transfer in-plane actions.

When the diaphragm can be modelled with the tied-arch resisting mechanism, i.e. in 
case of systems with regular geometry, the floor in-plane capacity is related to the resist-
ance of the single tied-arch. Considering, for sake of clarity, a uniform distribution of the 
seismic inertia loads ff applied at the upper edge of the diaphragm (i.e. seismic action per 
unit length transferred across the floor diaphragm), the maximum lateral thrust (Fo) at the 
supports is equal to ff L2/(8zd), where L is the tied-arch net span and zd is the arch rise 
(Fig. 5). The tied-arch’s vertical reaction force at each support (Vf) is equal to ff L/2, and 
the inclination angle (α) of the compressed strut at the supports is defined by the relation-
ship tanα = Vf/Fo. At the supports, Fo is transferred by the contact between the RC joist and 
the blocks; while Vf by the shear action along the interface between the side beam and the 
blocks.

Three main vulnerable regions, which may exhibit different failure mechanisms, must 
be verified for the effective development of a tied-arch resisting system. Referring to the 
beam-and-block configuration of Fig.  5 (analogous considerations apply for beams-and-
blocks spanning in the orthogonal direction), such failure mechanisms are located at:

1.	 The arch key section (Mechanism A), where the brick is compressed orthogonally to 
the direction of the hollows (hollow brick’s weakest direction);

2.	 The tied-arch supports (Mechanism B), where combined compression and shear stresses 
are transferred. At this location, either the ultimate compression resistance in the hollow 
brick weakest direction, or the ultimate shear resistance of the hollow brick, or the shear 
resistance of the brick-to-concrete interface may be exceeded;

3.	 The tied-arch bottom chord (Mechanism C), where tensile failure of the “tie” may be 
triggered by overcoming the tensile resistance of the RC edge-beam, the adhesion at the 
brick-to-beam interface, or the brick tensile resistance.

The failure at the tied-arch supports (i.e. Mechanism B) often dominates the seismic 
ultimate response of heterogeneous beam-and-block floor systems lacking a RC overlay. 
Failure of the “tie” (i.e. Mechanism C) may also occur, but its resistance can be easily 
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increased by fixing additional steel stringcourses alongside the edge-beam. Mechanisms 
A is usually not critical for the diaphragm. The capacity of Mechanism A depends on the 
tied-arch net span, which in turn depends on the layout of the floor and on the influence 
of possible openings. Unless the opening extends over the whole depth of the floor, the 
strength of the arch at the key section is often not critical.

3.3 � Design in‑plane capacity of floors

The design in-plane capacity of the floor can be defined with reference to the simplified 
tied-arch model, with span length L , as the maximum reaction force at the tied arch support 
( Vfd ), or as the maximum load per unit length transferred across the floor ( ffd):

 where VfA, VfB and VfC are the floor shear reactions associated with the onset of mecha-
nisms A, B, and C, respectively. In the following, reference is made to beam-and-block 
floors with and without the concrete topping overlay under the hypothesis of uniform dis-
tributed loads.

3.3.1 � Mechanism A

The in-plane capacity of the floor is limited by the crushing of the clay bricks loaded in the 
weakest direction (orthogonal to the brick hollows) at the arch key section. The maximum 

(1)Vfd = min
{

VfA;VfB;VfC

}

(2)ffd = 2Vfd∕L
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Fig. 5   Tied-arch mechanism activated within the floor depth and regions of possible failure of the tied-arch 
resisting system: a the arch key section, where the brick is compressed orthogonally to the direction of the 
hollows (the blocks are considered as an equivalent clay slab with thickness equal to the net thickness of 
the clay block horizontal webs); b the tied-arch supports where compression-shear failure may occur; c the 
tied-arch bottom chord, with possible overcoming of its tensile strength
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axial force in the tied-arch at the key may be calculated as the minimum force that causes 
the collapse of the weakest layer, considering that the loads are divided in the blocks and in 
the concrete topping as a function of their stiffness and that it is a fragile mechanism:

 where fcb⟂ is the maximum compressive strength in the brick weakest direction; fc is the 
compressive strength of the concrete; Eb and Ec are the elastic modulus of the blocks and of 
the concrete topping; Ab = teqb

∗ is the resisting area of the blocks considering a homoge-
nous equivalent brick slab with thickness teq , corresponding to the net thickness of the clay 
block horizontal webs (Fig. 5a), and width b∗ is the maximum width of the arch developing 
in the floor, considered as the portion of the slab in which stresses are remarkable (herein 
tentatively assumed equal to 25–50 teq , based on the numerical analyses of Chapter 5; fur-
ther validation is object of an ongoing research); and Ac = tcb

∗ is the resisting area of the 
concrete topping slab with thickness tc and width b∗.

The related shear reaction force at the supports is:

 where L and zd are the tied-arch span and rise, respectively.

3.3.2 � Mechanism B

The in-plane capacity of the floor is associated with the failure of the interface between the 
brick and the collector (either a RC beam or a floor joist), hence the failure is triggered for 
overcoming the maximum tensile stress at section B. The shear stress distribution is a func-
tion of the stiffness ratio between the collector and the diaphragm. The in-plane capacity 
may be calculated as the minimum force that causes the collapse of the weakest layer, con-
sidering that the loads are divided in the blocks and in the concrete topping as a function of 
their stiffness and that it is a fragile mechanism:

 where �ud is the design ultimate shear stress of the brick element; �cd is the design ultimate 
shear stress of the RC topping slab overlay (the design values are obtained from dividing 
the characteristic values by a safety factor); Gb and Gc are the shear modulus of the blocks 
and of the concrete topping, respectively; H is the depth of the floor; β is a coefficient 
accounting for the shear stress distribution and it is defined as the ratio between the maxi-
mum and mean shear stress across the diaphragm depth. This coefficient is governed by the 
ratio between the axial stiffness of the collector and the shear stiffness of the diaphragm. 
In particular β = 1.3 (Leonhardt, 1979) if the axial stiffness of the collector is much higher 
than the shear stiffness of the diaphragm (as for instance assumed when the shear wall is 
aligned with a RC beam or ring beam), whereas β = 2.0 if the axial stiffness of the collector 
is lower than the shear stiffness of the diaphragm, in this case the shear stress follows an 
almost triangular distribution at the beam-to-floor interface. This aspect will be addressed 
in a following section (Sect. 5.3).
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3.3.3 � Mechanism C

The axial force in the tie is provided by the continuous longitudinal rebars and the concrete 
in tension in the edge beam, by a possible additional steel stringcourse (or by ring beams 
made with steel plates) located outside the building in correspondence of the edge beam 
(see Fig. 18), and by the bond between the clay blocks and the joists. Neglecting the last 
contribution, which is considered not reliable, the maximum axial capacity of the tie of the 
arch may be calculated considering two configurations: (1) at the concrete tensile failure 
( Ft,pre ) and (2) after concrete cracking, at yielding of the steel elements ( Ft,post ). The floor 
capacity is associated with the maximum value ( Ft ) between Ft,pre  andFt,post . Note that, if 
the concrete tensile strength is neglected, the sole Ft,post may be considered. The maximum 
axial force at the concrete tensile failure may be calculated as:

 where ft is the concrete tensile strength; Es and Ec are the elastic modulus of the steel and 
of the concrete, respectively; Ac is the concrete area of the edge beam; As is the amount of 
continuous longitudinal rebars in the edge beam; ATie is the area of possible additional steel 
stringcourses. This formula has been derived considering a beam under tensile axial load 
but could be generalized and applied also for continuous beams under flexure by introduc-
ing the reduction factors �1 and �2 , which, for instance, allow to consider the combined 
effects of the seismic tensile axial force and the bending moment due to gravity loads. A 
detailed treatment of such topic goes beyond the purpose of the paper.

The maximum axial force after the concrete tensile failure is:

 where fyd and fydTie are the steel design tensile strength of the reinforcement and of the tie, 
respectively.

It is worth noting that these formulations do not account for the resisting contribution of 
those portions of the floor in close proximity to the arch tie, which could be relevant in the 
case of RC topping. The reaction force at the support is equal to:

4 � Experimental tests on a floor sub‑assembly

With reference to the tied-arch scheme in Fig. 5, focus was made on the possible failure 
occurring at the supports (Mechanism B), where the inclined strut converges into the sup-
port and the shear failure of the blocks may occur. For this purpose, the in-plane shear 
resistance of the brick-to-beam sub-system was preliminary assessed through an experi-
mental campaign aimed at evaluating the shear capacity of single lightweight hollow 
blocks under minimum confining action. The results of the tests proved evidence that an 
in-plane tied-arch mechanism can develop within the floor, even in the case of floors lack-
ing the concrete overlay, as long as the lightweight hollow blocks extend over the thickness 
of the floor (thus with the exception of floors in Fig. 2c, d).

(6)Ft,pre = ft

(

�1Ac +
Es

Ec

�2As +
Es

Ec

ATie

)

(7)Ft,post = fyd�2As + fydTieATie

(8)VfC = 4Ft
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The selected test specimen is a modular sub-assembly of the composite floor, composed 
by a single hollow brick and the adjoining concrete joists (Fig. 6). A single block, rather 
than a series of blocks, was selected to account for the common construction practice in 
which neighbouring blocks may be not in direct contact between each other (Fig. 5, mecha-
nism B). Commercial hollow clay blocks were adopted in the experimental campaign (clay 
blocks 16 × 40 × 5  cm for not composite action floor systems according to NTC 2018). 
Although current clay blocks have different shapes and sizes compared to those used in 
post-WWII existing buildings, the inherent mechanical properties of the material and 
the production methods have remained almost unchanged over time, except for the most 
stringent quality controls. The mechanical properties of the tested hollow clay blocks are 
reported in Table 1 and compared with the corresponding characteristic values provided 
by the producer. The side joists were made by C20/25 concrete (i.e. characteristic cubic 
compressive strength at 28 days greater than 25 MPa), compatible with an average quality 
concrete at the time of construction.

A specific testing frame was conceived to replicate the actual compression-shear biaxial 
stress state on the tested specimen (Fig. 6). The specimen sides were firmly connected to 
rigid steel frames and the alignment of the applied load (F) with the sub-assembly cen-
troid axis was guaranteed (Fig. 6c). As a result, an almost uniform shear stress distribution, 
together with a bending moment (Fig. 6b), was transferred along the clay-block to concrete 
interface. The bond between the sample and the steel frames was improved by welding 
5 mm diameter steel bars on the side plates of the frames. The confining load (Fig. 6) was 
provided by horizontal threaded bars and controlled by a stack of cup springs placed at the 
head of each bar.

The instrumentation setup consisted of a load cell to measure the applied load (F) and 
of displacement transducers to monitor the horizontal and vertical relative displacement of 
the rigid steel frame and the confining load level in the horizontal bars.

Three tests were conducted. In the initial loading step, the confining pre-stress action 
was applied to the specimen through the tightening of the threaded steel bars; then the 

Fig. 6   Modelling of the experimental test: selection of the floor sub-assembly (a); applied load and internal 
actions along the clay-bloc to joist interfaces (b); experimental test set-up (c)
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vertical load was applied in displacement control. The increase of the applied vertical 
displacement led to an increase of the bending moment at the specimen sides (Fig. 6b), 
which was associated with tensile stresses. As tensile stresses increased, cracks were 
triggered along the specimen-to-frame interfaces and partial detachment was observed. 
The specimen started to rotate pushing against the steel frames, thereby increasing the 
tension in the confining bars and therefore the confining pressure. No significant defor-
mations were observed until overcoming the initial confinement stress; beyond such 
value, cracks propagated in the concrete matrix, the contact area reduced, and the rota-
tion of the specimen became significant. Beyond an initial setback, the load increased 
until the brittle shear failure of the clay block, which occurred with a large inclined 
crack (Fig. 7).

The load–displacement curves of the tested specimens are shown in Fig. 7, while the 
results are reported in Table  2. The ultimate shear strength (Table  2) was evaluated by 
assuming the maximum applied load as balanced by an equivalent uniform shear stress 
distribution along the clay block net cross Sect. (8750 mm2). The ultimate shear resistance 
was in the range 1.7 ÷ 2.0 MPa. The minimum value is considered for conservative esti-
mates in the following numerical simulations.

5 � Numerical study on the in‑plane diaphragm capacity

A numerical model was developed to further investigate the in-plane performance of 
existing floors lacking concrete topping. Reference was made to a 25 m × 10 m compos-
ite beam-and-clay block floor of a typical Post-WWII building, featuring a 5 m × 5 m 
column grid. The floor was considered as isolated from the building. A sensitivity study 
was carried out by varying a set of relevant parameters, including material properties, 
structural details, boundary conditions and geometric features. In this preliminary study 
the following simplifications apply: the stairwell floor opening is initially neglected, 
only the perimeter beams are considered, and only inertia loads along the transverse 
direction are applied.

A two-dimensional model (Fig. 8) was assembled and nonlinear numerical analyses 
were carried out to assess the in-plane resistance of the floor system. The FEM code 
Abaqus (ver. 6.11, 2011) was adopted (Dassault Systèmes Simulia 2011). Given the 
demonstrative purpose of this preliminary analysis, homogeneous equivalent inelastic 
material properties were considered (Table 3). This hypothesis is quite simplifying of 
the actual floor in-plane behaviour, which is highly orthotropic, given the heterogene-
ity and directionality of the floor components, but it allows describing the overall floor 

Table 1   Mechanical properties of the hollow clay bricks adopted in the experimental tests (block for mixed 
slab 16 × 40 × 25 cm): comparison of the average values obtained on 8 standard tests and the ones declared 
by the producer

Average on 8 standard 
tests (MPa)

From the producer 
(MPa)

compression resistance parallel to the voids (fc//) 39.5 25.7
compression resistance orthogonal to the voids (fc⊥) 18.7 11.1
flexural tensile strength (fc,flex) 14.7 11.2 
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behaviour analogously to what done dealing with masonry following a macro-modeling 
approach (e.g. Lourenco 1996; Milani et al. 2006a and 2006b). A smeared crack model 
was adopted to describe the fracture process. Such model, referred to as “concrete dam-
age plasticity”, provides a general capability for modeling quasi-brittle materials in 
structures subjected to monotonic, cyclic, or dynamic loading. The failure stress corre-
sponds to the onset of micro-cracking, beyond which further micro-cracks development 
is represented macroscopically with a softening stress–strain response inducing strain 

Fig. 7   a Experimental load–displacement curves for increasing values of the confining load; b shear failure 
of the clay blocks

Table 2   Shear test results Test id Initial 
confinement 
(kN)

Confinement at 
failure (kN)

Ultimate 
load (kN)

Ultimate shear 
strength (MPa)

P1 4 18 16.9 1.9
P2 10 16 14.7 1.7
P3 20 22 17.2 2.0

Fig. 8   Finite element mesh
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localization. The “Static-Riks” (Dassault Systèmes Simulia 2011) type of analysis was 
selected for the loading increment procedure. This type of analysis uses an arc-length 
method to determine the response of the loaded structure, and it is particularly suitable 
when a significant change of the structural stiffness is expected.

In an attempt to capture all the basic failure modes (A, B, C in Fig. 5), the properties 
of the equivalent homogeneous material were initially set to the minimum values of the 
specific properties of the component materials (i.e. blocks, beams and beam-block inter-
face): the compressive strength (fc,eq) was set equal to the block compressive strength 
in the weakest direction, which may govern failure at the tied-arch key in compression 
(point A, Fig. 5); the tensile strength (ft,eq) was calibrated to determine the shear resist-
ance measured in the experimental tests, so as to capture shear failure at the supports 
(point B, Fig. 5).

The floor was modelled with 4-node shell elements (S4R element in Abaqus) with 
a size of 0.25  m, selected after a sensitivity analysis to avoid mesh dependency. The 
thickness of the equivalent plate was set equal to 35 mm, corresponding to the net thick-
ness of the thin webs of the clay block withstanding shear stresses. The homogeneous 
equivalent material was assumed as elastic-perfectly plastic in compression, while a sof-
tening behaviour was introduced in tension to account for crack onset upon exceeding 
the tensile resistance. To this end, the nonlinear tension law implemented in the con-
crete damage plasticity model (Table 3) was adopted with a multi-linear softening law 
(Fig. 9a).

The elements overlaying the column cross-section were considered elastic. The RC 
edge beams (0.6 m × 0.3 m) were modelled with 2 nodes truss elements (T3D2 element 
in Abaqus) to avoid accounting for their shear contribution; a length equal to 0.25 m was 
selected. C20/25 concrete was considered, and non-symmetrical elastic-perfectly plas-
tic law was adopted to model the material in uniaxial compression and tension (Table 3). 
Ordinary steel reinforcement (Type Aq42, referring to Post-WWII Italian standards) in the 
longitudinal side beams was represented with two-node embedded reinforcing elements 
(total cross section equal to 500 mm2). The amount of steel reinforcement (0.2%Ac) was 
selected as an estimate of the available continuous longitudinal reinforcement suitable for 
tie action. Compressive and tensile behaviour of the steel is described with a symmetrical 
elasto-plastic law, with yielding stress equal to 235  MPa, elastic modulus 210000  MPa, 
post-yield modulus equal to 1800 MPa and post-yield capacity equal to 360 MPa.

Table 3   Material properties
Equivalent homog-

enous material for 
plate elements

Elastic modulus, Ec,e 23000 MPa
Poisson coefficient, νc,e 0.2
Compressive strength, fc,e 8 MPa
Tensile strength, ft,e 0.5–1.0–2.0 MPa

Concrete damage 
plasticity param-
eters

Dilation angle, φ 31
fbo/fco 1.0
K 0.667
Viscosity parameter 0.0004

RC Edge beam Elastic modulus, Ec 30000 MPa
Poisson coefficient, νc 0.2
Compressive strength, fc 20 MPa
Tensile strength, ft 0.75 MPa
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The in-plane load was uniformly distributed along the diaphragm surface and monotoni-
cally increased up to collapse. Two main scenarios were considered: the “AS-IS” condi-
tion, and the “RETROFIT” condition, in which new seismic resistant walls were added at 
the floor ends (Fig. 11a). The floor diaphragm was elastically supported at each column in 
the AS-IS scenario, and on the new additional seismic resisting elements in the RETRO-
FIT scenario. The first set of analyses did not consider the influence of possible floor open-
ings (e.g. stairs well); indeed, significant floor openings, which may hamper the efficiency 
of the diaphragm action, are addressed in the Sect. 5.2.

Sensitivity analyses were carried out for both scenarios by varying the material proper-
ties and the geometry of the floor components, in particular:

1.	 The shear strength and the related tensile strength of the equivalent homogeneous plate: 
τ = [0.5 0.9 1.7] MPa, corresponding to fct = [0.5 1.0 2.0] MPa, respectively (Fig. 9);

2.	 The additional steel tie applied as an external stringcourse to the edge-beams: 
ATie = [0 5 15 25] cm2.

In the analyses, the reference values of the parameters are: τ = 1.7 MPa (corresponding 
to the minimum shear stress obtained from the experimental tests), As = 5 cm2, ATie = 0 cm2, 
elastic stiffness of the spring modelling the lateral stiffness of each column equal to 4.5 kN/
mm (corresponding to the stiffness of a 0.3m×0.3m×3m column in double bending), sum 
of the elastic stiffness of the springs modelling the new additional lateral seismic resisting 
elements equal to 162 kN/mm (corresponding to twice the lateral stiffness in the AS-IS 
condition, as recommended by previous studies: Marini et al. 2017; Labò et al. 2020; Fer-
oldi 2014). The boundary conditions were provided by the elastic springs of the columns 
and by the additional resisting elements, which are fixed to the ground.

5.1 � Floor in‑plane performance in the AS‑IS and RETROFIT configurations

Figure 10 shows the floor load versus the floor mid-span net deflection (diaphragm maxi-
mum displacement minus diaphragm side displacement) in both scenarios. The net mid-
span deflection is evaluated with reference to the floor lower corners. In the AS-IS condi-
tion, the response curve is linear elastic, provided that in-plane stresses never exceed the 
elastic limit even for high applied in-plane loads. This is basically due to the reduced span 
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(and relatively reduced span to rise ratio) of the activated natural arches, bridging the span 
between adjacent columns and transferring the floor in-plane actions. Figure  11b and c 
display the plastic deformations and the principal compression stresses within the floor. 
The activation of the tied-arch mechanism can be observed. The failure is associated with 
the tearing of the floor in correspondence to the top columns and top edge beam. This is 
a direct consequence of the chosen floor model which considers the sole contribution of 
the masonry blocks, which are characterized by a low tensile strength. In the present case 
the tensile contribution of the floor joists is not considered, thus resulting in a conserva-
tive estimation. In the RETROFIT scenario, the curves are initially elastic and then evolve 
limitedly in the nonlinear range. The failure is related to the development of a main crack 
in the diaphragm (Fig. 11). With respect to the AS-IS condition, as expected, the stiffness 
of the curve decreases as the tied arch span increases (Fig. 11), while capacity of the floor 
substantially decreases provided that the largest share of the in-plane action is transferred 
across the diaphragm to the new seismic resistant shear walls. It is worth noting that the 
lateral displacements at failure are very low in both cases: indeed, the maximum net deflec-
tion to span ratio at failure is negligible and corresponds to 1/14700 and 1/11400 for the 
AS-IS and RETROFIT scenario, respectively.

In addition, Fig. 10 shows in circles the capacity of the columns (i.e. the shear associ-
ated with the development of plastic hinges at the end of the columns in double bending 
considering a cross Sect. 30cm × 30cm, a longitudinal reinforcement ratio 0.88% and an 
inter-storey height 3m). After reaching the capacity, the columns are no longer effective in 
transferring the horizontal loads, therefore in the following analyses the stiffness contribu-
tion of the columns has been removed. This represents a lower bound of the floor capacity.

The results of the analyses highlight how possible problems to the diaphragm may arise 
after the seismic retrofit, leading to fragile failure mechanisms associated with tensile fail-
ure of the diaphragm at the midspan. For such reasons, additional analyses were carried out 
by adding a steel tie to the diaphragm, applied as an external stringcourse, with the pur-
pose to increase the diaphragm capacity and ductility after the seismic retrofit. Figure 12 
shows the results of these analyses including columns as elastic springs (grey dashed 
lines), for the reference case study, and without columns (blue, green and red lines for a 
floor shear capacity τ equal to 0.5 MPa, 0.9 MPa and 1.7 MPa, respectively). The steel tie 

Fig. 10   Floor load vs net deflec-
tion at mid-span for the AS-IS 
and RETROFIT conditions. 
τ = 1.7 MPa (fct = 2.0 MPa), 
As = 5 cm2, ATie = 0 cm2. Note: 
The right axis refers to horizontal 
floor acceleration in units of g. 
The horizontal dashed lines refer 
to the floor capacity as estimated 
in Sect. 3.3
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was modelled with truss elements (B31 element in Abaqus) and pinned to the diaphragm 
edges in correspondence to the springs representing the additional retrofit system and to 
the diaphragm midspan. The same elastoplastic law adopted for the beam reinforcement 
was considered.

The results are similar, in qualitative terms, for the case with columns and without col-
umns, although the latter condition is characterized by a lower capacity, as expected. It is 
worth noting that the in-plane floor resistance increases for increasing the additional tie 
cross-section as long as the failure is governed by Mechanism C. In the case of floors rely-
ing on a reduced amount of reinforcement in the longitudinal side beam and in the case 
of a small additional tie cross-section (ATie = 5  cm2), the collapse of the floor is associ-
ated with a crack propagating at the floor mid-span (Fig. 13a and Mechanism C in Fig. 5). 
For increasing values of the reinforcement area and thus of the additional tie stiffness and 
resistance, the failure mode changes from Mechanism C to Mechanism B, and the failure 
is reached for overcoming the shear resistance at the supports (Fig. 13b, c, and Mechanism 
B in Fig. 5). A further increase in the stringcourse cross-section does not change the floor 
in-plane resistance, which remains associated with Mechanism B, while it affects the stiff-
ness of the system after the cracking onset of the side RC beam, as well as the crack width 
and the depth of the crack propagation at the mid-span. The onset of Mechanism B repre-
sents the maximum in-plane resource of the composite floor; further increase of the floor 
resistance would require strengthening of the slab or resorting to external diaphragms. In 

Floor diaphragmFloor diaphragm

RC beam
(chord)

RC beam
(collector)

Floor diaphragmFloor diaphragm

Additional
retrofit system

RC beam
(chord)

RC beam
(collector)

(a)

(b)

(c)

Fig. 11   a Scheme of the floor diaphragm displaying main components; b Qualitative plastic deformations at 
failure and c qualitative flow of the compression principal stresses (qualitative arches represented in red) for 
the AS-IS (left) and RETROFIT (right) conditions
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all the investigated cases, the maximum floor net deflection at the diaphragm’s capacity is 
negligible, with a deflection to span ratio smaller than 1/6000. Therefore, the floor can be 
assumed as a fragile system with a very limited lateral net deflection capacity. Consider-
ing the effects of the diaphragm on the elastic lateral stiffness, it is worth noting that the 
ratio between the displacement at the centre of the diaphragm and at the diaphragm sides 
is equal to 1.03 and 1.35 without and with the additional shear walls, respectively. This 
confirms the fact that the floor in-plane stiffness is governed by the plan distribution of the 
lateral load vertical resisting system, i.e. by the boundary conditions. The floor in-plane 
stiffness affects the distribution of the horizontal seismic loading, but for the considered 
structural typology the main issue is the diaphragm capacity.

Figure 12 shows the influence of the diaphragm equivalent tensile strength as a func-
tion of the amount of steel tie cross-section. As expected, the reduction of the equivalent 
tensile strength leads to a reduction of the diaphragm load capacity. It is interesting to 
note that independently of the diaphragm tensile strength, a low amount of the tie cross-
section does not provide benefits to the diaphragm load capacity, whereas when the tie 
cross-section is greater than 15 cm2, the maximum load is bound to the shear capacity at 
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Fig. 12   Floor load vs net deflection at mid-span for varying tie cross sections and floor shear capacity. Note: 
the blue, green and red lines refer to a floor shear capacity τ equal to 0.5  MPa, 0.9  MPa and 1.7  MPa, 
respectively. The grey dashed line considers the presence of columns as elastic springs (τ = 1.7 MPa, As = 5 
cm2). The horizontal dashed lines refer to the floor capacity as estimated in Sect. 3.3. The right axis refers 
to horizontal floor acceleration in units of g
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the supports. It is also observed that low values of the tensile capacity are associated with 
low values of the floor net deflection (deflection to span ratios remaining always very low). 
Reference values for the floor capacity are shown in dashed horizontal lines for each value 
of τ (blue, green and red dashed lines refer to a floor shear capacity τ equal to 0.5 MPa, 
0.9 MPa and 1.7 MPa). Such values have been determined according to Sect. 3.3 (with α1 =  
α2 = 1, β = 1.3, b* = 1320  mm, zd = 8  m, fy taken as an average post yield value equal to 
300 MPa). In the case of τ  = 0.5 MPa the floor capacity (269 kN) is governed by Mecha-
nism B independently from the amount of tie reinforcement. In the case of τ  = 0.9 MPa, 
the floor capacity is governed by Mechanism C for ATie = 0 cm2 and it is equal to 384 kN; 
for ATie greater or equal to 5 cm2 the floor capacity is governed by Mechanism B and it is 
equal to 484 kN. In the case of τ  = 1.7 MPa, the floor capacity is governed by Mechanism 
C for ATie = 0 cm2 and ATie = 5 cm2 and it is equal to 384 kN and 768 kN, respectively; for 
ATie = 15 cm2 and ATie = 25 cm2 the floor capacity is governed by Mechanism B and it is 
equal to 915 kN. The results provide a conservative estimate of the floor capacity and allow 
to determine the governing failure mechanism.

5.2 � Influence of floor openings

The influence of a stairwell opening was preliminary investigated for the RETROFIT con-
dition considering both loading in the upward and downward directions. The presence of 
2 additional shear walls in correspondence to the floor opening (Fig. 14a, right) was also 
analysed with the same overall retrofit system.

Fig. 13   Qualitative plastic deformations and plastic strain vectors at failure (τ  = 1.7 MPa) for: a ATie = 5 
cm2, b ATie = 15 cm2, c ATie = 25 cm2
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Figure 15 shows the results of the analyses in terms of floor load versus net deflection 
at mid-span for the various configurations. In the case of a floor opening and with a shear 
wall at each side of the floor (Fig. 14 left), the floor stiffness decreases as a consequence of 
the floor cross-section reduction at midspan while the floor strength is associated with the 
onset and the development of cracks at midspan. As expected, the resisting mechanism is 
characterized by the activation of arches with lower rise for the upward load compared to 
the downward load, as the resisting tied-arches adapt for the presence of the floor opening. 
As expected, the capacity is smaller in the case of downward load, as the arch tie is inter-
rupted and the resisting arch is less constrained.

In the case of two additional shear walls in correspondence to the floor opening (Fig. 14 
right), a significant increase of both the floor stiffness and strength is observed. The stiff-
ness increase is associated with the reduction of the floor span between adjacent retrofit 
elements, while the strength increase is due to the presence of four additional walls, rather 
than two, despite the shear reaction force capacity remains unchanged. Furthermore, in this 
scenario, each resisting arch is effectively constrained at the supports. Figure  14 (right) 
shows the compressive arches that develops in the diaphragm. The floor capacity is associ-
ated with the onset of shear failure at the floor intermediate supports. Also in this case, the 
maximum floor net deflection at the diaphragm’s capacity is low, with a net deflection to 
span ratio smaller than 1/5000. Therefore, the floor can still be assumed as a fragile system 
with a very limited lateral deflection capacity. It is worth noting that the ratio between the 
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Fig. 14   Scheme of the floor diaphragm in the case of stairwell opening (a) and qualitative flow of the com-
pression principal stresses with a downward (b) and upward (c) load. Note: the left and right figures repre-
sent the case of two shear walls and four shear walls, respectively. Qualitative arches are represented in red 
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maximum displacement of the diaphragm at the mid span of the single or multiple bays 
and at its supports at the additional shear walls is equal to 1.89 and 1.11 in the case of two 
and four additional shear walls, respectively.

5.3 � Influence of the side beam dimensions

Figure 16 shows the shear flow distribution along the interface between the side beam and 
the floor diaphragm for the RETROFIT condition by varying the dimensions of the side 
beam, thus by varying the ratio between the axial stiffness of the beam and the shear stiff-
ness of the floor: 12cm × 24cm (i.e. a RC floor joist), 30cm × 60cm (i.e. a side beam), and 
10 times the area of a side beam (i.e. to evaluate the limit behaviour for high axial stiffness 
of the side beam). The reference values of the floor material properties are considered. 
When the shear action transfer between the shear wall and the floor occurs at the edges, 
where side beams are expected, the axial stiffness of the side beam is much higher than 
the shear stiffness of the floor, therefore the shear stress distribution is wider and the maxi-
mum value of τ/ τmean is 1.3. When new shear walls are introduced alongside the building 
in correspondence to a RC floor joist, rather than to a side beam, problems of shear stress 
diffusion might arise. In this case the reduction of the ratio between the axial stiffness of 
the joist and the shear stiffness of the floor causes a reduction in the distribution capacity of 
the joist, thereby introducing a substantial concentration of shear stresses close to the shear 
walls. In such conditions the maximum value of τ/ τmean is 2.1. Such shear concentration 
could lead to an anticipated shear failure of the diaphragm. It is worth noting that this rep-
resents an ideal critical condition, indeed the RC edge beam will contribute to spread the 
concentrated load to more than one floor joist.

Fig. 15   Floor load vs net deflec-
tion at mid-span in the case of 
stairwell opening. Note: The 
right axis refers to lateral accel-
eration in units of g for the stair-
well hole conditions. τ = 1.7 MPa 
(fct = 2.0 MPa); As = 5 cm2; 
Atie = 15 cm2. Stiffness of the 
columns not included
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6 � Design implications

The evaluation of the floor in-plane capacity can be conveniently used both for the seismic 
vulnerability assessment and for the conceptual design of the retrofit.

As previously discussed, the floor in-plane capacity is usually not the major problem 
in existing buildings in their “AS-IS” condition. In-plane failure of the floor was rarely 
observed after extensive field surveys carried out on non-seismic-conforming RC build-
ings after strong earthquakes, whereas common failure modes followed the onset of kin-
ematic mechanisms in the frame associated with flexural and/or shear failure in some criti-
cal sections (Kaplan et al. 2010; Ricci et al. 2011). On the other hand, the floor capacity 
requires specific assessment in the case of retrofitted buildings. In this scenario, the floor 
in-plane capacity may become particularly critical in two cases: (1) the retrofit intervention 
increases the total stiffness of the building and no additional damping is provided, leading 
to a reduction of the structure fundamental period and consequently to an increase of the 
seismic actions transferred across the diaphragm; (2) the span of the resisting tied-arch 
increases up to the span between the elements of the new and stiffer lateral force resist-
ing system, leading to higher internal actions and higher reaction forces at the tied-arch 
supports.

Accordingly, the actual floor in-plane capacity may influence the design of the retrofit 
interventions in two ways: (1) when the position of the additional lateral force resisting sys-
tem is given, the in-plane floor capacity may be calculated as the minimum force triggering 
mechanisms A, B, and C (Sect. 3.3), and it enables determining whether strengthening of a 
selected floor is required, typically the upper floors, which are generally associated with the 
higher seismic loads (Mohele et al. 2010; Rodriguez et al. 2007), or the lower floors when 
‘transfer functions’ of great magnitude are present due to displacement incompatibilities 
in the Lateral Force Resisting System (LFRS) or to discontinuities of the vertical elements 
of the LFRS (Gardiner et  al. 2008); (2) when the position of the additional lateral force 
resisting system is to be defined, the in-plane floor capacity may enable determining the 
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maximum spacing between adjacent vertical elements of the new retrofit system ( LSW ) to 
avoid the strengthening of the existing floors. For a given seismic action ( fs ) and in-plane 
floor capacity ( Vfd ), such maximum distance is:

When necessary, the floor strengthening may be attained by implementing different 
techniques. The first step of floor strengthening consists in the addition of a steel string-
course along the floor perimeter in order to strengthen the arch tie and inhibit Mechanism 
C (Fig. 5). When Mechanism B (Fig. 5) dominates the floor capacity, a further increase of 
the steel stringcourse section does not entail a higher capacity of the floor, which needs to 
be strengthened (FEMA 547). In this case, “dry solutions”, such as intrados diaphragms 
made of steel truss-works, connected to the floor intrados or through post-tensioned ten-
dons located at the ceiling level (Feroldi et  al. 2013), may be adopted (Fig. 17a). These 
dry solutions entail minimum disruption of the building functions and could be concealed 
from sight with false ceilings. In the case of exoskeleton built with an offset with respect to 
the existing building (anytime new living spaces are introduced), new external diaphragms 
could be conceived in the gallery bridging the spacing of the new shear walls or the dou-
ble skin cavities (Fig. 17b). Existing or new balconies can as well be re-engineered to act 
as external in-plane floor diaphragm (Fig. 17c). In these latter cases, the connections of 
the external diaphragm to the existing building must be guaranteed through post tensioned 

(10)LSW =
2Vfd

fs

(a) (b)

(c) (d)

Fig. 17   Typical floor strengthening techniques: a intrados steel truss-work coverable by false ceilings; b 
external diaphragms bridging the spacing of new shear walls; c external diaphragms by reengineering exist-
ing or new balconies; d RC or HPRC overlay
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tendons or special devices. Finally, more traditional solutions, such as fibre-reinforced pol-
ymer composite overlay or fibre RC topping overlay (Marini et  al. 2010, Fig.  17d) with 
either normal strength or high-performance concrete may be adopted. However, such inter-
ventions require the demolition of the entire floor topping and finishing; in addition, they 
often entail high costs, disruption time, mandatory relocation of the occupants and possible 
disruption of the building functions during the construction works.

These new diaphragms share the in-plane load transfer with the existing diaphragm in 
proportion to the relative stiffness of the systems, which act as springs in parallel. It should 
be noted that with such an intervention, depending on the relative stiffness of the existing 
floor and the additional diaphragm, and thus on deformation compatibility, the crushing 
of the clay blocks may occur in any case, causing possible damage in the rooms beneath 
(Casprini et al. 2020). The resisting mechanism developing in the floors in the as-is condi-
tion and after the introduction of additional shear walls are reported in Fig. 18. On the right 
side of the figure, some details of the retrofit intervention are shown: the additional shear 
walls, the steel ring beam connected to the existing RC beam by means of studs, and the 
post-tensioned tendons or deep anchorages aimed at connecting the walls of the new LFRS 
to the existing structure.

7 � Concluding remarks

The majority of the existing post-WWII building stock requires a deep retrofit intervention 
in order to fulfil the new requirements in terms of safety and sustainability. When seismic 
retrofit interventions are designed for existing buildings, regardless of the seismic strength-
ening technique, the floor diaphragm action is always required to transfer the floor inertial 
loads to the Lateral Force Resisting System (LFRS). The behaviour of the existing floors 
should thus be critically analysed in order to assess the building vulnerability and to design 
the structural retrofit intervention. This is particularly true for those retrofit techniques 
applied from the outside of the buildings since, in those cases, the need of existing floors 

AS-IS RETROFIT

Post tensioned tendons or
Deep anchorages

Steel ring beam Studs

Retrofit
shear
wall

Y

X Arches for F-Up (+Y direction)

Arches for F-Down (-Y direction)

Steel stringcourse
or ring beam

Fig. 18   Tied-arch system developing in the existing floors in the as-is condition (left side) and after the ret-
rofit intervention (right side)
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strengthening may require downtime of the building functions, and may hinder the entire 
retrofit project.

This study represents a first step of a major research investigating the in-plane response 
of existing RC beam-and-clay block floor systems; pivotal aim of the research is to put the 
focus on the assessment of the existing floor ability to act like a floor diaphragm in the case 
of a seismic event before and after major seismic retrofit interventions. The major findings 
of this study may be summarized as follow:

•	 The estimation of the diaphragm capacity is critical both for the vulnerability assess-
ment of an existing RC building and for the conceptual design and the proportioning of 
the seismic retrofit intervention;

•	 In case of a regular geometry of the diaphragms, the in-plane capacity of the beam-
and-clay block floor system is associated with the capacity of a tied-arch mechanism 
developing in the depth of the floor. The maximum capacity may be determined by 
the weakest mechanism (A, B, C in Fig.  5) that may either entail: A- the failure of 
the clay blocks at the arch key section; B- the failure at the tied-arched support; or 
C- the failure of the tied-arch bottom chord. The seismic force activating each of these 
mechanisms may be estimated as a function of the geometry of the floor (defining the 
geometry of the arch) and of the properties of the materials. Usually, the diaphragm 
capacity is associated with the onset of Mechanism B, which is the most critical and 
mainly depends on the ultimate shear resistance of the concrete topping (either plain 
or reinforced with a steel mesh, when present) and of the beam-and-block system. On 
the other hand, mechanism A, depending on the compression strength of the concrete 
slab and of the clay blocks, is usually activated for higher values of the seismic action, 
and Mechanism C, depending on the tensile capacity of the edge beam, despite being 
critical, may be easily inhibited by adding steel stringcourses along the beam perimeter 
(Fig. 18). It should be noted that, once the failure Mechanism B is activated, a further 
increase of the area of the stringcourse, which inhibits Mechanism C, does not lead to 
an increase of the diaphragm capacity and either floor strengthening or the addition of a 
new external diaphragm is required;

•	 The tied-arch resisting mechanism always develops in case of floors with concrete top-
ping (Fig. 2a,c) either plain or reinforced with a steel mesh, and may develop also in 
the case of floors lacking the topping, as long as the clay hollow blocks extend over 
the entire thickness of the floor (Fig.  2b); on the contrary, when topping is lack-
ing and blocks are constituted by an assemblage of clay tiles having no shear resist-
ance (Fig. 2d), the floor does not exhibit any in-plane capacity and it always requires 
strengthening;

•	 When the dominating resisting mechanism is the tied-arch mechanism, i.e. in case of 
regular geometry of the floor and in absence of great openings that may affect the dia-
phragm flexibility, the behaviour of the diaphragm is brittle with limited lateral deflec-
tion capacity. In the numerical analyses, regardless of the considered scenario, the 
absolute value of the net deflection and the deflection to span ratios are considerably 
low. These results have been obtained from simplified numerical analyses, considering 
a floor with a regular rectangular geometry and modelling the beam-and-block system 
as an equivalent slab. However, preliminary results of both laboratory analyses carried 
out on a single block (Sect. 4) and in-situ experimental analyses carried out on a por-
tion of an existing floor (Casprini et al. 2020) confirm such evidence.

•	 When addressing the role of the diaphragm in the seismic response of an existing or 
retrofitted building, it is fundamental to assess its structural conceptual design and its 
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ultimate capacity, even in relation to the floor layout and the related load paths. These 
major floor characteristics are fundamental to understand the behaviour of the dia-
phragm and should thus govern the design of the seismic retrofit interventions, allow-
ing to define the need of the floor strengthening, the possibility to act from outside with 
seismic exoskeleton, and/or the maximum distance between the elements of the LFRS. 
Also, in case of openings and irregular geometry of the floor, additional transversal ties 
may be required to guarantee the development of an effectively constrained tied arch 
mechanism;

•	 When the strengthening of the floor is needed, dry techniques, solution applied at the 
intrados of the floor, or interventions from the outside (e.g. by re-engineering balconies 
or double skin cavities) should be preferred (Fig. 17a, b, c).

 Ongoing developments of this research are associated with::

•	 The role and the relevance of the size and location of floor openings, as well as possible 
irregular floor layouts;

•	 The role of the ‘transfer forces’ (i.e. internal actions that develop in the diaphragms 
consequently to displacement incompatibilities or discontinuities of the vertical ele-
ments of the retrofit system) in the estimation of the internal load path and of the dia-
phragm seismic capacity;

•	 The study of the connections between the existing floor diaphragm and the new seismic 
resisting system, particularly when the new vertical elements of the lateral force resist-
ing system are located only at the sides of the building (e.g. at the supports of Fig. 4) 
and the in-plane seismic action acts upwards (i.e. Figure 4, green lines);

•	 The role of the possible eccentricity between the centroid of the tie and the centre of 
pressure of the arch at the supports.

In-situ experimental tests on a wider portion of an existing beam-and-block floor system 
is also under development in order to validate the results of the experimental test carried 
out on the single block and to further investigating the mechanisms governing the in-plane 
behaviour of the floors. Preliminary results of such research are reported in Casprini et al. 
(2020).
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