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Abstract

In flat-slab frames, which are typically designed as secondary seismic structures, the shear
failure of the slab around the column (punching failure) is typically the governing failure
mode which limits the deformation capacity and can potentially lead to a progressive col-
lapse of the structure. Existing rules to predict the capacity of flat slab frames to resist
imposed lateral displacements without losing the capability to bear gravity loads have been
derived empirically from the results of cyclic tests on thin members. These rules account
explicitly only for the ratio between acting gravity loads and resistance against concen-
tric punching shear (so-called Gravity Shear Ratio). Recent rational models to estimate
the deformation capacity of flat slabs show that other parameters can play a major role
and predict a significant size effect (reduced deformation for thick slabs). In this paper, a
closed-form expression to predict the deformation capacity of internal slab-column con-
nections as a function of the main parameters is derived from the same model that has been
used to develop the punching shear formulae for the second generation of Eurocode 2 for
concrete structures. This expression is compared to an existing database of isolated internal
slab-column connections showing fine accuracy and allowing to resolve the shortcomings
of existing rules. In addition, the results of a testing programme on a full-scale flat-slab
frame with two stories and 12 columns are described. The differences between measured
interstorey drifts and local slab rotations influencing their capacity to resist shear forces
are presented and discussed. With respect to the observed deformation capacities, simi-
lar values are obtained as in the isolated specimens and the predictions are confirmed for
the internal columns, but significant differences are observed between internal, edge and
corner slab-column connections. The effects of punching shear reinforcement and of integ-
rity reinforcement (required according to Eurocode 2 to prevent progressive collapse after
punching) are also discussed.
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Length of the control perimeter for punching shear verification located at a dis-
tance 0.5d from the column edge

Column size (width of square columns)

Effective depth of a cross section (distance between the extreme compression
fibre and the centroid of longitudinal tension reinforcement)

Maximum aggregate size

Interstorey drift

Compressive concrete strength

Yield strength of reinforcement

Characteristic value of the permanent load

Gravity Shear Ratio, Vi/ Vg,

Storey height

Slab span (distance between axes of supports)

Design value of the moment in the slab per unit width

Design value of the moment transferred from the column to the slab (“unbalanced
moment”)

Design value of the flexural resistance of the slab per unit width

Characteristic value of the variable load

Design value of the acting vertical shear force on the slab-column connection
Design value of the centric punching shear resistance of a slab without shear
reinforcement

Coefficient accounting for the concentration of shear forces along the control
perimeter

Partial safety factor for concrete

Partial factor for permanent actions

Partial factor for variable actions

Partial safety factor for shear

Ratio of sagging reinforcement (top slab reinforcement) in the column region
Ratio of hogging reinforcement (bottom slab reinforcement) in the column region
Diameter of reinforcement bar

Combination factor applied to a variable action to determine its quasi-permanent
value

Contribution of the column deformation to the interstorey drift ratio

Interstorey drift ratio (corresponding to d,/h, )

Interstorey drift ratio at failure (unbalanced moment corresponding to 80% of the
peak value)

Average drift ratio (displacement of the top floor divided by the building height )
Slab rotation at column axis

Slab rotation imposed by the deformation of the primary seismic structure
Rotation capacity of the slab (slab rotation at column axis for 80% of maximum
unbalanced moment)

Spacing of slab reinforcement
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1 Introduction

Flat slab buildings for commercial, office and residential use are a common solution in
many countries. Extensive studies of their behaviour under gravity and seismic actions
have been carried out in North America starting from the 1970s whereas European
research developed more recently. Nevertheless, the current Eurocode 8 (the European
code for seismic structural design EN 1998-1:2004 (CEN 2004a), called in the follow-
ing EC8:2004), and particularly Sect. 5 of part 1 on concrete buildings, does not provide
specific provisions for this type of structures.

With the widespread and growing use of these structures in countries with relevant
seismic actions, code and research developments have been advocated in the European
research community (Spence et al. 2007; Fardis 2009). For instance, Pinto et al. (2007)
indicate flat slab design as one of the topics needing pre-normative research for the next
generation of EN 1998.

EC8:2004 contains general provisions for primary and secondary seismic elements,
similar provisions are also contained in the latest draft of the second generation of EC8
(CEN/TC 250/SC 8 2020). Primary seismic members are considered as part of the struc-
tural system that resists the seismic action. They are modelled in the global analysis and
are fully designed and detailed for earthquake resistance. Secondary seismic members
are not considered in the design of the seismic resisting system and their strength and
stiffness against seismic actions is neglected. EC8:2004 (CEN 2004a) explicitly states
that primary flat plate frames are “not fully covered” (clause 5.1.1(2)). Following these
definitions, Fardis (2009) proposes the design of flat plate frames as secondary systems,
based on resistance verifications for the structure bearing gravity loads at the deforma-
tions imposed by the design earthquake. In addition, the latest draft of EC8 for build-
ings (CEN/TC 250/SC 8 2020) contains provisions for flat slabs as primary seismic
members, but no explicit indication is given how to verify flat slabs designed as second-
ary seismic member accounting for the imposed deformations.

An approach to verify slab-column connections with respect to their deformation
capacity is proposed in this paper. Since current provisions for punching in Eurocode 2
are force-based, they do not explicitly cover punching under lateral loading as a defor-
mation-related failure mode. Tests on slab-column specimens have shown that the drift
capacity is correlated with the gravity shear ratio, i.e. the ratio between the applied
gravity load effects and the concentric punching shear resistance (Ramos et al. 2017).
This is confirmed by the results of a mechanical model predicting the interstorey drift
capacity of a full flat slab (Drakatos et al. 2018), in accordance with the recent develop-
ments for the punching shear resistance implemented in the draft for the second genera-
tion of Eurocode 2. According to this model, the deformation capacity depends not only
on the gravity shear ratio, but also on the slab thickness (size effect), the column size,
the amount of flexural reinforcement and the slab slenderness. These theoretical results
are used in this paper to develop a closed-form relationship accounting for all these
effects for use in seismic design.
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To verify the deformation capacity of flat slab frames under seismic actions, a full-
scale two-storey structure with 2 X3 bays has been tested at the ELSA Laboratory at
JRC in Ispra, Italy, with the purpose of providing the basis for improved design rules
and code development (Coronelli et al. 2021). The deformation capacities observed in
the tested structure are presented in this paper and are compared to the proposed model.

2 Background

Extensive research has been carried out on flat slab seismic response over the past
50 years in North America. Seminal works include Hawkins et al. (1974), Morrison
et al. (1983), Pan and Moehle (1989), Megally and Ghali (2000), amongst others. This
research has led to the development of code provisions (ACI 318 2019) and design rules
(Joint ACI-ASCE Committee 421 2010) encompassing performance-based prescriptions
for the ultimate rotation capacity of slab-column connections (Hueste et al. 2007; Zhou
and Hueste 2017). It should be noted, however, that the database on which the afore-
mentioned provisions are based mainly consists of small-scale tests on isolated internal
slab-column connections.

The progress of European design and codes relies on an improved understanding
of the experimental behaviour and on the development of suitable models for use in
design. Design codes to date in Europe have been reluctant to include detailed deforma-
tion capacity criteria for slab-column connections, in contrast to the North American
codes.

Experimental work on horizontal cyclic loading of slab-column connections does
exist in Europe, although to a lesser extent compared to North America, and it is more
recent. One of the first works was conducted by Farhey et al. (1993), who carried out
experimental tests for cyclic loading on slab column connections, and subsequent tests
on specimens repaired using steel plates (Farhey et al. 1995). Later, several tests were
carried out in Portugal to study slab-column connections with and without shear rein-
forcement (Almeida et al. 2016, 2020a, b; Isufi et al. 2019) and various longitudinal
reinforcement ratios (Isufi et al. 2021). Drakatos et al. (2016) tested internal slab-col-
umn connections in full scale under monotonic and cyclic imposed rotations, investi-
gating the drift capacity for different types of loading, gravity shear ratios and rein-
forcement ratios. Interior and exterior waffle flat slab-column connections under lateral
loading have been studied in Spain under cyclic loading (Benavent-Climent et al. 2008,
2009) as well as through shake table tests of a half scale one bay floor (Benavent-Cli-
ment et al. 2016; Benavent-Climent et al. 2019).

A state of the art of flat slab floor and frames studies has been presented by Coronelli
et al. (2020). The results reveal that ultimate drift ratios ranging between 3 and 6% were
reached for gravity shear ratios corresponding to seismic design situations. All but one
of the tests examined were carried out on scaled specimens. Coelho et al. (2004) tested
a full scale, three storey waffle-slab structure, with one bay on each direction at the
EC JRC in Ispra. The results showed deformation capacities reaching between 1.75 and
5.0%. An accumulation of torsional and flexural damage in the edge connections and the
high flexibility of the structural system has been observed.

On the basis of the overview above (covering experimental work worldwide), sev-
eral topics need further research developments. For instance, tests of full-size slab-col-
umn connections are not numerous and tests on edge and corner connection with cyclic
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Fig. 1 a Punching shear resistance as a function of the rotation v, imposed to the slab-column connec-
tion; b relationship between interstorey drift d,, column rotation ., and contribution of the slab v, to the
interstorey drift ratio y;,,; and c situation after punching

loading are quite limited. These research gaps have motivated the SlabSTRESS research
programme (Coronelli et al. 2021), in which a multi-storey and multi-bay flat slab frame
with realistic dimensions was tested and analysed with a focus on exploring the defor-
mation capacity of slab-column connections.

Besides experimental work, theoretical, analytical and numerical works can be use-
ful in filling the research gaps and paving the way forward to an improvement of the
design codes. Ramos et al. (2017) proposed an empirically based expression to predict
the ultimate rotation as a function of gravity shear ratio calculated using Eurocode 2
(2004). Mechanical models allowing to predict the rotation capacity of internal slab-
column connections of flat slabs have been proposed recently by Drakatos et al. (2018),
Setiawan et al. (2019) and by Broms (2020).

The model of Drakatos et al. (2018) is an extension of the Critical Shear Crack The-
ory (CSCT) (Muttoni 2008) for lateral seismic loading conditions. Instead of considering
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axis-symmetric conditions as in the case of gravity loading for equal spans in both directions,
the slab-rotations are assumed to vary tangentially following a sinusoidal law as a function
of the angle of the slab sector with respect to the direction of lateral loading. Failure criteria
based on CSCT for both monotonic and cyclic loading are proposed and compared to experi-
ments. Setiawan et al. (2019) and Broms (2020) have proposed simpler alternatives based on
CSCT with a reduced basic control perimeter and a strut-and-tie model, respectively. These
simplified approaches as well as the model of Drakatos et al. (2018) show the importance
of testing specimens with realistic thickness, and they point out shortcomings in the North
American approach as well as the need for further research (although the punching provision
for gravity loading in ACI 318-19 now considers size effect as it was in European standards
since decades, the seismic provision for punching still neglect this effect).

A development of these works in a closed-form formulation to evaluate the deformation
capacity, based on recent proposals for European codes, offers a convenient form for design
that will be presented in the following section.

3 Verification of deformation capacity of flat slabs
3.1 Definition of deformation capacity

The prescriptive provision of EC8:2004 is that secondary members shall bear the gravity loads
with the concurrent deformations due to the design earthquake and in accordance with the
deformability of the primary system. In a linear analysis, these deformations can be obtained
by multiplying the displacements obtained in the structural analysis by the behaviour factor, g.

As shown in Fig. 1b, the interstorey drift d, typically comprises the deformation of the
slab (rotation ;) and of the column (rotation y,,;) (Drakatos et al. 2018):

dr = (Wslab + ll/col) . hs (1)

where h, is the storey height. Since, for non-slender columns, the column rotation ., is
often small compared to the slab rotation y,,, the latter is often approximated with the
interstorey drift ratio y; ., =d,/h; Wy ® Wisa)-

It has to be noted that the case shown in Fig. 1b refers to a situation with similar rota-
tions ,, of both slabs at the top and at the bottom of the column. In case of vertical
discontinuities (in terms of columns and slabs), different relationships between the local
rotation w,;,, and the interstorey drift ratio y;,, can be observed. The cases of the 1% floor
slab (where y;,, can be larger than y;,, due to the presence of a stiff foundation) and the
top slab (where v, can be significantly smaller than y;,,) will be discussed in Sect. 5.

As shown in Fig. 1a, the concurrent imposed deformation due to seismic action (defined
here as y,;, ) reduces the punching shear resistance V. This is mainly due to the moment
M, transferred from the column to the slab (so-called unbalanced moment) as a conse-
quence of the imposed rotation y,,, but also to the detrimental effect of the cyclic action
as shown by Drakatos et al. (2016) and Almeida et al. (2016) by comparing cyclic and
monotonic tests on slab-column connections.

For a practical design of the secondary system, the calculation of internal vertical shear
forces in the slab, V,;, and column moments, My, can be conducted for gravity loads and
lateral deformations imposed by the design earthquake with cracked flexural and shear
stiffness. With these assumptions, My, is linearly related to y, and since the interaction
between the punching shear resistance Vy, and the unbalanced moment My, can also be
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assumed as linear, the relationship (b) in Fig. 1a becomes also linear. Compared to this
assumption, the actual behaviour of flat slabs is characterized by an increased deformation
capacity (curves (c) and (d) in Fig. 1a) due to the increased deformation related to cyclic
action and to potential yielding of hogging and sagging slab reinforcement (top reinforce-
ment placed in the column region to carry the negative moments due to gravity loads and
bottom flexural reinforcements in the slab which is usually distributed over the whole slab
surface). This means that the verification assuming cracked elastic stiffness in the analysis
(line (b) in Fig. 1a) can lead to overly conservative internal moments and forces in the
secondary system (Fardis 2009), that make the design cumbersome. In addition, requir-
ing also a verification of the flexural resistance of the slab (g, >my,, lowercase symbols
referring to moments per unit width of the slab) is not consistent with the fact that high
moments resulting from the imposed deformation assuming elastic behaviour are not real-
istic due to the additional deformation capacity of the slab in bending related to yielding of
the reinforcement.

In case the imposed rotation v, - €exceeds the capacity vy, ¢, unless shear reinforce-
ment is provided, punching occurs (point (C) in Fig. 1a). In this case, the shear resist-
ance diminishes rapidly and a further equilibrium state can be reached only if sufficient
integrity reinforcement in form of bottom reinforcement passing through the column can
be activated (Fig. 1c). As shown by several works (see for instance Ferndndez Ruiz et al.
2013; Habibi et al. 2014), the integrity reinforcement is an efficient method to allow for an
alternative load carrying system after a local punching and to prevent progressive collapse.
EC2:2004 (CEN 2004b) for instance, requires the placement of reinforcement bars in the
compression zone crossing the column area to carry gravity loads after punching and to
prevent progressive collapse. This reinforcement can be designed for an accidental design
situation according to the simple method of EC2:2004 (CEN 2004b) or with the advanced
approach of MC2010 (fib 2013). In the presence of integrity reinforcement, the behaviour
after punching is characterised by a very limited stiffness against unbalanced moments, so
that the imposed rotation y;,;, will have a limited influence on the residual strength (curve
(e) in Fig. 1a). Although allowing to avoid a total collapse, provided that the 2" order
effects can be carried by the primary system or by the still resting slab-column connec-
tions, this situation can be considered as a near collapse limit state of the floor and would
be hardly reparable. For this reason, it should be prevented as a design situation so that the
slab-column connection should be designed to avoid punching by ensuring adequate defor-
mation capacity (point (C) in Fig. 1a).

3.2 Prediction of deformation capacity

The design for punching shear in EC2:2004 (CEN 2004b) under static actions requires the
calculation of internal forces (total shear force, Vj,;, and moment transferred from the col-
umn to the slab, Mp,) allowing determining the shear stress acting on the control perimeter,
i.e., they are force-based. On the other hand, the provisions of EC8:2004 for secondary
members require deformation-based checks, for which no guidance is provided in current
provisions for flat slabs.

In contrast, North American codes (ACI 318-19 (2019) and CSA A23.3-14 (2014))
provide deformation—based criteria for the design of flat slab-column connections under
horizontal actions. Both documents acknowledge that, based on experimental observa-
tions on slab-column connections under lateral loading, the ultimate slab rotation capacity
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Wap.r depends on the Gravity Shear Ratio (defined as the ratio between the acting verti-
cal shear force Vi, and the centric punching shear resistance without shear reinforcement
Vga.c where both eccentricity and imposed deformations are not considered) (Moehle 1996;
Megally and Ghali 2000; Dilger et al. 2005; Hueste et al. 2007). In fact, the criteria of the
North American codes can be seen as an explicit formulation of the relationship between
punching shear resistance and rotation capacity discussed above (see curves (c) and (d) in
Fig. 1a).

In this section, both similarities and discrepancies between the predictions of empirical
formulae according to ACI 318-19 (2019) and CSA A23.3-14 (2014) and mechanically-
based models to predict the deformation capacity are discussed. For this purpose, a com-
parison against test results is required and hence a database of specimens was collected.
The database used here adopts the work of Setiawan et al. (2019) comprising 50 specimens
of internal slab-column connections without shear reinforcement and square columns sub-
jected to unilateral reversed-cyclic loading. An additional filtering process was performed
and following specimens were removed from the original collection:

e 3 outlier specimens denoted by Setiawan et al. (2019): AP1 and AP3 of Pan and Moe-
hle (1989) and Control of Cho (2009);

e 10 specimens with high strength and lightweight concrete slab series of Emam et al.
(1997) and Marzouk et al. (2001);

e 2 specimens with very low GSR ratio (<0.15): S4 and S5 of Motrrison et al. (1983).

The final database (refer to Table 1) consists of 35 specimens with GSR (ACI 318-19)
ranging from 0.18 to 0.85, effective depth (d) from 52 to 199 mm, column size to slab
depth ratio (¢/d) from 2 to 3.7; slab slenderness (L/d) from 16 to 40; and hogging reinforce-
ment ratio (pj,,) from 0.39 to 1.94%.

As depicted in Fig. 2a and b, the failure criteria for slabs without shear reinforcement
define two regions: one where shear reinforcement is required (above the limit) and another
where shear reinforcement is not required (below the limit). As shown in this figure, both
criteria according to ACI 318-19 (2019) and CSA A23.3-14 (2014) can be seen as safe
estimate of the drift ratio capacity according to tests in the collected database. Although
they seem to follow the pattern reasonably well, the oversimplicity of the design expres-
sions (only considering GSR as a single determining factor) is shown later to produce con-
siderable scatter when dealing with individual specimens.

The design of secondary flat slab-column connections assuming the drift ratio as an
imposed deformation is straightforward: the deformation capacity of the connections is
checked based on the value of GSR=V,/Vy, . (using appropriate partial safety factors)
and compared to the drift ratio demand yg imposed by the primary seismic load resisting
system. As discussed above, if the deformation capacity vy, z is lower than the demand
Wyapp» PUnching shear reinforcement should be provided, or, alternatively, the GSR can be
decreased, for example by increasing the column size or the concrete grade.

Ramos et al (2017) showed that empirical relationships similar to those of the North
American codes can be adopted also when the GSR is calculated on the basis of EC2:2004
(CEN 2004b) or Model Code 2010 (fib 2013).

Mechanical models allowing to predict the rotation capacity of flat slabs y;,, » as
function of all main parameters have been proposed recently by Drakatos et al. (2018),
Setiawan et al. (2019) and by Broms (2020) for internal columns. The models by Draka-
tos et al. and by Setiawan et al. are based on the Critical Shear Crack Theory CSCT
(Muttoni 2008) which means that they are fully consistent with the MC2010 (fib 2013)
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Fig.2 Rotation capacity yy,,r as function of the Gravity Shear Ratio Vi/Vy . (all values unfactored)
according to: a ACI 318-19; b CSA A23.3-14 and ¢ the mechanical models by Drakatos et al. (2018) (con-
tinuous lines) and by Setiawan et al. (2019) (dashed lines); dots refer to tests from the collected database
Table 1

formulation. As it can be observed in Fig. 2¢, where the two models based on the CSCT
are compared with the test results from database of tests (Table 1), the drift capacity
depends mostly on the GSR (confirming the studies described above), but other parame-
ters also play a significant role. As it will be shown later, the most important parameters
are the effective depth d (size effect, with decreasing deformation capacity yy;,;, z for
deeper slabs), the column size (with increasing yy,,, z for larger columns) and the hog-
ging reinforcement ratio y;,,, (with yy,, r decreasing for larger reinforcement ratios). In
addition, the slab slenderness L/d also plays a significant role (with increasing y,,,  for
slender slabs). The fact that the slab thickness influences not only the punching shear
resistance (size effect), but also the deformation capacity, has already been demon-
strated by Muttoni (2008) for the case of concentric punching and has been recently
confirmed for the case of imposed lateral deformations by three mechanical models
described above. These are important findings since the empirical criteria currently
defined in North American codes (see Fig. 2a, b) were fitted on tests on specimens of
slab-column connections which are usually relatively thin (< 130 mm, excluding Draka-
tos et al. (2016) series conducted with relatively high GSRs) and with medium-large
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region; b the effective depth d; ¢ the size ¢ of a square column; d the hogging reinforcement ratio y;,,, and e

the slenderness ratio L/d

size columns (c/d between 2 and 5). Only a few tests are available with an effective
depth corresponding to typical practical European cases, and most of them have been
conducted with relatively high GSRs.

Interestingly, the parameters influencing the rotation capacity g, intervene in a
similar manner also in the calculation of the punching shear resistance V. of slabs
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without shear reinforcement. According to the closed-form formulation derived analyti-
cally from the CSCT (Muttoni et al. 2018) and its design value adopted in the draft for
the 2™ generation of EC2 (called in the following prEC2:2020 (SC2/WG1/CDG 2020)),
the punching shear resistance for internal columns supporting slabs without shear rein-
forcement can be expressed as:

1/3
dyq

R —— 2
d\/L](36 - d)

38,12
Vrae = y_bo,/s - 100904/ e
14

where v, is the partial safety factor for shear and punching (proposed as 1.40), d is the
effective depth of the slab, b5 is the length of control perimeter located at a distance of
0.5-d from the face of the column, p,,, is the hogging reinforcement ratio, f,, is the concrete
compressive strength in MPa, d,, is a dimension which describes the roughness of the criti-
cal shear crack and can be assumed as function of the aggregate size d, by d,,=d,+16 mm
for concrete strengths f. <60 MPa and L is the slab span.

As shown in Fig. 3b—e, based on a detailed comparison with the mechanical models
by Drakatos et al. (2018) and by Setiawan et al. (2019), the rotation capacity v, r can be
assumed to be approximatively proportional to d~? (size effect), to (bO,S/d)m, to phog‘3 4
and to (L/d)"".

With respect to the influence of the GSR, as depicted in Fig. 3a, the following three
regimes delimitated by changes in the slopes can be observed: (i) for high GSRs
(between~0.5 and 1.0), the behaviour is dominated by the hogging moments; (ii) for aver-
age GSRs (between~0.2 and ~0.5), the moments transferred from the columns to the slab
become so significant, that the slab moments become positive near to the column (and
since the sagging reinforcement ratio is typically smaller, the rotation capacity increases
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rapidly); (iii) for very low GSRs, the sagging reinforcement near to the column can yield
(potentially increasing again the rotation capacity). As stated by Setiawan et al. (2019)
and by Broms (2020), the mechanism related to yielding of the sagging reinforcement in
the column region is affected by too many uncertainties and should not be considered for
design (in addition, it occurs for very low GSRs which are less significant for practical
cases). The influence of the elastic deformation under sagging moments is shown in Fig. 2c
(model by Setiawan et al. (2019), yielding of sagging reinforcement not considered). As
shown in this figure, the influence of GSR on the rotation capacity v, r should be consid-
ered accounting also for the deformation of sagging reinforcement. Based on these consid-
erations, the rotation capacity y;,, z of internal columns can be expressed analytically as
follows:

bo,s 1 >3/4_ <10'ddg ) L

172
. —=) -f(GSR
10-d 100~ pyy d 36-d> fGSB) - (a)

lVslub,R = 0.60% - (

where coefficient 0.60% results from the calibration on the basis of the mechanical models
and the function f{GSR) is:

F(GSR)=1—(2-GSR — 1)*’* for 0.50 < GSR < 1.00 (3b)

FGSR)=1+12-(1-2-GSR*>- <%)4/3 <2 for 020 <GSR < 0.50 (3c)
where the Gravity Shear Ratio GSR is equivalent to the ratio Vi/Vi, ., py,, is the sagging
reinforcement ratio and the ratio py,./p,,, should not be considered larger than 2.0, which
is consistent to the proposal of Setiawan et al. (2019). In addition, the value of f{GSR) for
GSR between 0.2 and 0.5 (Eq. 3c) shall not be taken larger than 2 to prevent overly high
drift predictions for slabs with a combination of low GSR and high p,,,./p,,,. Since Eq. (2)
has been derived analytically from the MC2010 equations (Muttoni et al. 2018), the grav-
ity shear ratio GSR considered in Eq. (3) can be calculated using 7z, . according to either
MC2010 or to prEC2:2020. In the assessment of test database presented here, the GSR for
the closed-form expression (Eq. 3) is always calculated based on prEC2:2020, unless stated
otherwise.

Figure 4 shows the ratio measured vs predicted rotation capacities calculated using
the mechanically-based models (Setiawan et al. (2019) and the closed-form expression of
Eq. (3)) and the empirically-based formulae (ACI 318-19 & CSA A23.3-14) of all 35 spec-
imens reported in Table 1 as a function of the effective depth. The mean value and coeffi-
cient of variation (CoV) of each model is also given in the same graph. Observing the pat-
tern in Figs. 4a, b, it can be seen that the predictions of the closed-form expression are in
excellent agreement with Setiawan et al. which further confirms the previous observation
shown in Fig. 3. By comparing Figs. 4a—d, it can be seen that the scatter of the empirically-
based formulae is more significant (CoV = 0.3) than the mechanically-based one (CoV
~ 0.2). This is mainly due to the fact that the empirically-based formulae do not account for
significant factors as for instance the size effect as shown in this figure (decreasing trend of
measured/predicted deformation capacity for increasing effective depth). Amongst all, the
ACI 318-19 predictions are the most conservative and this is consistent with Fig. 2a where
the line separating the two regions provides a lower-bound estimate of the test results. It
has to be noted that the relatively large scatter of all approaches can also be attributed to
the differences in the test setups (Drakatos et al. 2016) and in the cyclic loading protocols
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(increased damage for loading histories with more repetitive cycles), to the fact that several
tests have been conducted on very thin slabs, that in some tests, the reported deformation
capacity also includes the column deformation (y;,, r instead of vy, ) and to potentially
different definitions of failure (% of moment loss or loss of the capability to carry gravity
loads).

In addition, these comparisons refer to internal columns, whereas edge and corner
columns have rarely been investigated. For these reasons, one can conclude that for the
validation of the proposed expression, there is a clear need for new tests on slabs with
a reasonable thickness not only on internal, but also on edge and corner slab-column
connections.

3.3 Typical gravity shear ratios in buildings

In a practical design for persistent design situations according to EC2:2004, the design
value of the shear force Vi, ,.,yisen, it the slab around the column is calculated on the basis
of the self-weight and additional permanent loads multiplied with the partial safety factor
7 and the characteristic value of the imposed gravity load multiplied with the partial safety
factor y,, (according to EC0:2002 (CEN 2002a), the recommended values are y;=1.35 and
7o=1.50). In addition, to account for unsymmetrical loading and geometrical conditions,
as well as for neglected imposed deformations resulting from shrinkage and temperature
variations in the building, the design value of the shear force shall be increased by a factor
B.. According to EC2:2004, without a detailed analysis, for slabs considered as secondary
systems (i.e. where the horizontal actions are carried predominantly by a bracing system),
following values may be assumed for §,: 1.15 for internal columns, 1.4 for edge columns
and 1.5 for corner columns. It has to be noted that this approach is equivalent to a reduction
of the punching shear resistance due to unsymmetrical conditions and imposed deforma-
tions: see point (B) in Fig. la.

With respect to the design shear force in the slab Vg, ;. for seismic design situa-
tions according to EC8:2004, the self-weight and the additional permanent loads may be

Flg' 5 Ratio VEd,xesmiJVEd,persixtent 1.2 internal columns
(approximatively equivalentto edee columns
the upper limit of the GSR) for & |
typical flat slabs expressed as 1.0 fmmmmy i COTner corumns
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vertical loads g;/permanent loads 3
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Fig.6 Side and in-plan view of the two-stories flat-slab frame (dimensions in m)

considered with their nominal values and the imposed vertical load may be reduced by
coefficient y, (varying between 0.3 and 0.8 depending on the type of loading according to
ECO0:2002). Since the effect of the imposed deformations (interstorey drift) is considered
explicitly with the verification of the rotation capacity, and assuming approximately the
same contributory areas of the vertical actions for persistent and seismic design situations,
the ratio of the shear forces between both situations is approximately:

VEd,seismic -~ 8k + Yyt gy
VEd,persistent ﬁe . (}’G “ 8t Yo qk)

4

Since the Gravity Shear Ratio compares the acting shear force with the punching shear
resistance, the design value of the latter should also be accounted for. For persistent design
situations, the characteristic value of the punching shear resistance Vg, . is reduced by a
partial safety factor accounting for the uncertainties related to the material strength, the
geometry and the resistance model. According to EC2:2004, this value is y~=1.50 for per-
sistent design situations and y.-=1.20 for accidental design situations (the latter accounting
for a reduced reliability index; similar values are considered in the latest draft prEC2:2020,
namely y,=1.40 and 1.15). With respect to the partial safety factor for the resistance under
seismic design situations, despite the fact that from a point of view of reliability considera-
tions, this design situation is theoretically an accidental situation, according to EC8:2004,
the same partial factors as according to EC2:2004 for the persistent design situation are
recommended. According to the comment in EC8:2004, this choice is justified by the fact
that under seismic actions, the resistance is reduced by the effect of cyclic actions. In fact,
in the approach proposed in this paper, this effect is already accounted for in the proposed
failure criterion (see Fig. 2, where the mechanical model as well as the tests considered
in development of the empirical relationships according to ACI 318-19 (2019) and stand-
ard CSA A23.3-14 (2014) consider cyclic actions). Nevertheless, considering the increased
uncertainties related to the calculation of the shear force Vi, for a seismic design situation,
the imposed deformation v, ¢ in the seismic design situation and its deformation capacity
Wyiab.r» 1N absence of a complete reliability study, the choice of considering the same partial
safety factor y. (or yy) as for the persistent design situation seems to be justified. Following
this assumption, and assuming that the slab-column connection is designed for the persis-
tent design situation without overstrength, the upper limit of the GSR at seismic design
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situation corresponds to the ratio of the design values of the shear force as expressed by
Eq. (4).

As shown in Fig. 5 where this ratio for typical flat slabs of buildings designed accord-
ing to EC2:2004 (CEN 2004b), EC0:2002 (CEN 2002a) and with the actions according to
EC1:2002 (CEN 2002b) is expressed as a function of the ratio g,/g;, typical values of the
upper limit of the GSR are in the ranges 0.47+0.58 for internal columns, 0.38+0.48 for
edge columns and 0.36+0.44 for corner columns. In a practical case, lower values can be
required to fulfil the requirement y;, x <y, » for the seismic design situation.

4 Experimental programme

The SlabSTRESS research programme was conceived to simultaneously study the global
and local response of flat-slab frames under both gravity and seismic actions. The experi-
mental programme involved full-scale testing on a two-storey building at the ELSA Reac-
tion-Wall facility of the European Commission’s Joint Research Centre in Ispra, Italy. The
SlabSTRESS project was part of the transnational access activities of the SERA project
(Www.sera-eu.org).

4.1 Test specimen

The reinforced concrete structure to be tested was designed as a simple building with shear
walls (primary seismic structure) and a flat-slab frame (secondary seismic structure) which
consists of two flat slab floors supported on columns (see Fig. 6 for the tested structure).

The floors are ordinary reinforced concrete flat slabs with thickness 200 mm. The spans
are 4.5 m and 5 m in the longitudinal direction (direction of the imposed displacements)
and 4.5 m in the transverse direction. The storey height is #=3.2 m. Columns cross-sec-
tions are square with dimensions 0.4 m, 0.35 m and 0.3 m for internal, edge and corner
columns, respectively. These were chosen in order to obtain a stiffness ratio of the internal,
lateral and corner columns close to 2, following a common design choice (Fardis 2009).

The preliminary choice was to design the flat slabs with a gravity shear ratio close to 0.4
(factored value, lower values if y is not considered, see Fig. 12). This choice had several
motivations. As shown in Sect. 3, this GSR fits in the values corresponding to common
design situations. In addition, the aim was to provide more realistic size slab results since
most existing tests in the literature have a limited depth for this level of GSR (see Fig. 2a).
The existing results show that reinforcement yielding and higher ultimate rotations are
obtained for GSR equal to or less than 0.4, a condition convenient for the seismic response
and requiring a verification in a real size test.

The slabs of the two floors were designed for the ULS gravity load combination (persis-
tent design situation) governing the design effects. The flexural reinforcement design and
punching resistance verifications were carried out on the basis of EC2:2004 (CEN 2004b).
Two bottom bars in each direction were placed at each connection, following the provision
of EC2:2004 to prevent progressive collapse (integrity reinforcement). The anchorage at
the slab free edge was a L shaped bend, as commonly used in the practice in several Euro-
pean countries.

On the basis of the gravity loading design, and of the choice of the column size to
slab thickness ratio, the slab-column connections at the first floor were not reinforced
against punching shear. The second-floor slab was reinforced with headed studs as shear
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reinforcement. Though not required by the gravity load design, this choice was made to test
the performance of slab-column connections of different configurations (internal, edge and
corner and two flexural reinforcement layouts) when punching shear reinforcement is used
in a flat slab with realistic thickness.

Using the same layout, the slab-column connections B2, C2 and C3 of the first floor
were strengthened using post-installed bolts after an initial testing phase with significant
interstorey drifts that produced damage on some of the slab-column connections. The pur-
pose was to verify the effectiveness of post-installed bolts in earthquake-damaged connec-
tions of a complete full-scale structure with realistic dimensions. Table 2 describes the flex-
ural reinforcement of all slab-column connections. Additional details as well as description
of shear reinforcement can be found in Coronelli et al. (2021).

With respect to the columns, the reinforcement was designed on the basis of the maxi-
mum unbalanced moment that can be carried by the slab (flexural resistance of the slab-
column connection) assuming mean material properties. The resulting longitudinal rein-
forcement ratios for internal, edge and corner columns were approximatively 1%, 1.5% and
2%, respectively. This aimed to a “strong column-weak slab” condition, because the testing
program (see also the following Sect. 4.3) included tests at drifts levels corresponding to
slab failure around the column, and high moment transfer. In addition, to force the develop-
ment of plastic hinges only at the column bases, the longitudinal reinforcement was dou-
bled in all cross sections except the base region. To prevent brittle failures at the column
base, closely-spaced stirrups (spacing to longitudinal bar diameter ratio equal to 5) were
provided, to develop plastic rotation without premature buckling of the compression bars.

@ Springer



1639

Bulletin of Earthquake Engineering (2022) 20:1619-1654

061 (Teays "uTwr JO %9°88)¥09 — (Teays "urw Jo %8°78) TS — L9°C — P pourene wnunury
L1 (Te3YS "XeW JO %9°06) 165 (TeaYS "xeW JO %6°G8) 91 949 P poureie wnwixey
S'L 789 — y€9 — e — Teays A2101S WNWIUIA
8 €59 €09 1G°¢ Ieays A2J0)S WNWIXEIA Ka1018 T
661 (TeQYS “UIW JO %9°68) ¥16 — (TeOYS "UIW JO %8°C8) 88L — 979 — Pih pourene wnwruiy
96l (Te3ys "XeW Jo %6°'16) ST6 (Te3Ys "XeW JO 9%6°C8) /L S0'9 Ph pourene wnwixep
801 ¥S01 — 56 — 60t — Teays K210 WNWITUTIA
€11 L001 S06 L0V Ieoys A210)S WNWIXBIA! £31018 (]
(%) (N
Ie0Us A0I10]8 10913 19PIO T (N (%) P*sh oryex

/1343 J3PIO T

NOYIIM TBYS A310)S

Ieays £9I0)S PAINSEIA]

JJ1Ip A2101SINU]

soneI JJLp A10)s

~IOJUI JO SON[EA PAUIEIIE WNWIUL PUB WNWIXLW PUE (PIIOBIQNS SIOOHS JOPIO ;7 YIM SIN[EA PUE SIN[EA PIINSEIW) SILIYS K10 JO SON[EA WNWIUIW PUB WNWIXBIN € 3|qeL

pringer

As



1640 Bulletin of Earthquake Engineering (2022) 20:1619-1654

4.2 Materials

The flat slab structure, the columns and the foundations were designed with normal-
strength concrete. For the reinforcing steel used in the floor slabs, foundations and column
bases, S500 Class C reinforcement was chosen (f,, =500 MPa) whereas for the columns,
ductility Class B reinforcement was used. The concrete compressive strength measured
on cylinders at the age of cyclic testing (about 330 days after casting) was f,=36.4 MPa.
The mean steel yield strength and ultimate elongation of the reinforcing steel used in the
floor slabs were f, =518 MPa and &,=12.3% for the bars $12 mm and f,=515 MPa and
£,=10.3% for the bars ¢p14 mm.

4.3 Testing programme

The test programme included seismic tests and cyclic tests. The seismic tests consisted in
a pseudo-dynamic investigation of the structure treated as part of a building with two sub-
structured ductile shear walls which were simulated numerically. Details and results of the
seismic tests are given in Coronelli et al. (2021).

In order to analyse the deformation capacity, after the seismic tests, quasi-static tests
were performed with cyclic loading on the flat-slab frame. The aim of these tests was to
study: (i) the redistribution within the storeys of the effects caused by lateral action; (ii)
the response of different types of slab-column connections (corner, edge and interior) with
realistic boundary conditions; (iii) the ultimate rotations and failure modes of the differ-
ent connections; (iv) the effect of different layouts of longitudinal and shear reinforcement
common in the European design practice and (v) the effectiveness of the integrity rein-
forcement to carry gravity loads after local failure.

A first test CYC-1 was carried out up to the first punching failure at about 2.5% drift
ratio. A cyclic displacement was imposed on the second floor with average drift ratios (dis-
placement of 2™ floor/(2-h,)) Wisdave=0.25%, 0.5%, 1%, 1.5%, 2%, 2.25% and 2.5% with
3 cycles per drift level. A force half of the measured horizontal force at the second floor
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drift ratio ., (only peaks of
all cycles represented); black 1.1
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the limit between CYC-1 and CYC-2)

was imposed on the first floor. After test CYC-1, some slab-to-column connections on the
first floor were strengthened with post-installed bolts and the additional loads have been
slightly modified to avoid the total collapse of the already failed connections, for details,
see Coronelli et al. (2021). Then, a second cyclic test CYC-2 was carried out up to 6% drift
ratio (Wisg ape =2.5%, 3%, 4%, 5% and 6% with a single cycle per drift level) to assess the
ultimate rotations of the connections and the effectiveness of the retrofitting of damaged
slab-column connections.

5 Results of cyclic tests

5.1 Global behaviour

Figure 7a shows the behaviour of the slabs-columns frame in terms of relationships
between storey shear forces and the interstorey drift ratios for test CYC-1 (up to a drift
ratio Wi 4 of 2.5%). The hysteretic curves, the envelope curves and the idealized quad-
rilinear relationship are presented for both floors. One can observe that nominal yielding
points, determined according to Annex B of EC8:2004 (CEN 2004a), are attained for y;,
of 1.2% and 1.4% for the 1% and the 2™ floor, respectively. The maximum shear forces
are attained for y;,; of 1.8% and 2.1%. The envelopes are presented in Fig. 7b for both
tests (the limit between CYC-1 and CYC-2 is represented by black dots). Since the 2™
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order effects are not negligible, in addition to the measured storey shear forces (continuous
curves), the shear forces without 2" order effects (calculated as product of the interstorey
drift ratio and the gravity forces) are represented as well (dashed curves). One can observe
that after the maximum shear forces attained during the CYC-1 test, and a short soften-
ing phase, the forces could be further increased. After reaching the maximum storey shear
forces for y;,, of ~ 4.1% at 1* floor and ~ 3.5% at 2™ floor (for exact values, see Table 3),
a softening behaviour due to 2™ order effects, to the deterioration of the columns bases and
to the deterioration of several slab-column connections was observed. At peak shear forces,
the 2" order effects were approximately 11% of the measured forces for the Ist floor and
approximately 8% for the 2™ floor. At maximum attained interstorey drift ratios before the
test was stopped (i, & 6%), the 2" order effects were approximately 20% and 15% of the
corresponding measured shear forces for the 1* and for the 2" floor, respectively. If the 2"
order effects are subtracted, the residual resistance at the maximum attained displacements
were still between 88.6% and 91.9% of the peak values, showing a relatively limited soften-
ing behaviour.

Despite the fact that the total shear force at 1% floor is 3/2 of the shear force for the
2" floor, the interstorey drift ratios at both stories v, ; and Wisq,2 are similar (difference
between 10 and 20% as shown in Fig. 8). This is due to the higher stiffness of the columns
of the 1% floor (effect of clamping in the stiff foundation system, larger axial force in the
columns, weaker slab-column connection of the 2™ floor because only one column is con-
nected to the slab).

5.2 Local behaviour and deformation capacities

The local behaviours of eight slab-column connections are presented in Fig. 9 (unbalanced
moment as a function of the interstorey drift ratio y;,, and of the slab rotations v,,,). The
local measurement of the unbalanced moment was made possible by using force transduc-
ers inserted in each column that allowed the determination of the internal forces at each
node. Similarly, the measurement of rotations v, was performed using inclinometers
directly installed on 8 of the 12 slab-column nodes of each floor (Coronelli et al. 2021,
only the connections equipped with inclinometers are presented in Fig. 9). All curves show
small differences in the behaviour before and after rotations of about 2.5%. This is related
to slight changes in the gravity loads for tests CYC-1 and CYC-2 (black dots refer to the
limits between the two tests).

Significant differences in terms of stiffness, maximum resistance, deformation capacity
and post-peak behaviour can be observed for the internal, the edge and the corner connec-
tions. For the edge connections, the direction of the imposed displacement with respect to
the edge also plays a major role (with significantly better behaviour for connections sub-
mitted to a displacement parallel to the edge). In the two edge connections A2 and D2
of the 1% floor (edge columns with imposed displacements perpendicular to the edges),
the maximum moment was attained for interstorey drift ratios y;,,=1.5—1.8% followed by
a steep softening due to local punching and significant torsional deterioration of the slab
edge (for details, see Coronelli et al. 2021). The conventional rotation capacity (defined
here as the deformation with 80% of the maximum moment) of these two connections is
Wisag=2.0—2.3% (exact values are given in Fig. 11 and Table 4). The four corner con-
nections (A1, D3 and the unshown connections D1 and A3) also suffered from the same
deteriorations related to torsion and out of plane shear in the slab, but with a less steep
decrease of the resistance after reaching the maximum flexural resistance (peak moments
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Fig. 10 Ratios between slab rotations i, and interstorey drift ratios y;,, for floor 1 a and 2 b (only peaks
of all cycles represented)

were attained for y;;,=1.3—2.1% and the deformation capacities are y;; z=2.4—4.0%).
The internal slab-column connection B2 of the 1* floor attained the maximum resistance
for a significantly higher interstorey drift ratio (y;,;=3.1-3.9%) and exhibited a punch-
ing failure for y;,, p=3.9—4.4% with a significant drop of the flexural resistance thereafter.
The internal connection C2, which was retrofitted with post installed bolts between test
CYC-1 and test CYC-2, did not fail and exhibited a hardening behaviour up to rotations
Wear= —4.0% /+5.1% and moderate softening behaviour until the test has been stopped
with ;,,=6.0—6.1%. The four edge connections with displacement parallel to the edge
(B1, C3 and the unshown connections D1 and A3) did not fail and exhibited a strain hard-
ening behaviour up to interstorey drift ratios y,;,;,>5.0% (in connections C1 and C3, no
softening behaviour was observed before the test was stopped).

The residual resistance to horizontal forces of the failed connections on the first floor
(without shear reinforcement) when the test was stopped (y;,; & 6%) was between 12 and
60% of the peak values for edge connections with imposed displacements perpendicular to
the edge, between 41 and 88% for the corner connections and about 45% for the internal
connections.

The fact that the corner and edge connections with displacement perpendicular to the
edge failed for interstorey drifts ratio which were significantly smaller that the deformation
capacities of the other connections (approximately 50%) allowed for a clear redistribution
of the internal forces. In addition, the connection which did not fail exhibited a strain hard-
ening behaviour so that they could compensate the softening behaviour of the failed con-
nections. This explains the rather ductile global behaviour with an almost constant resist-
ance to base shear up to an interstorey drift ratio of about 4% as shown in Fig. 7b. It is only
after the failure of the internal column B2 that a moderate global softening behaviour was
observed.

With respect to the second floor with shear reinforcement around the columns, only
the two edge connections with displacements perpendicular to the edge (A2 and B2) and
the four corner connections (Al, A3, D1 and D3) failed before the test was stopped. As
described later, the deformation capacities were not significantly larger than in the floor
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Fig. 11 Interstorey drift ratios at peak moments and at conventional connection failure at 1% and 2™ floor

without shear reinforcement, but the softening behaviour was significantly milder and the
residual strength at end of the test were accordingly larger. In this case also, a rather ductile
global behaviour was observed due to the significant redistribution of internal forces.

The difference between local rotations y,,, (measured with inclinometers) and intersto-
rey drift ratios y;, is depicted in Fig. 9 for both floors. For the 1** floor, the deformability
of the columns (see Fig. 1b) is compensated by the clamping of the column bases into
the slab foundation, so that relatively large local rotations can be observed (even larger
than the interstorey drift ratio, particularly for the corner connections and the edge con-
nections with imposed displacements perpendicular to the edges). Cracking and reinforce-
ment yielding appear in the columns and in the slabs in a similar manner, so that the slab
rotations and the interstorey drifts evolve in a similar manner. For the 2™ floor, the fact
that the slab-column connections comport only one column reduces the ratio between col-
umn and slab stiffness. As a consequence, the slab rotations are typically smaller than the
interstorey drift ratios. This is particularly the case for the internal slab-column connec-
tions which show significant differences between slab rotations and interstorey drift ratios.
With increasing imposed displacements, the stiffness decrease in the slab is more signifi-
cant than the stiffness losses in the columns (also related to yielding of the slab reinforce-
ment), so that the slab rotations increase more than the interstorey drifts. A similar effect
can also be observed as a consequence of local failures, with a pronounced increase of the
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Fig. 12 Comparison of the experimental rotation capacities with the analytical predictions (slab without
shear reinforcement)

slab rotation due to the deformation localisation (see for instance the rapid increase of v,
for the edge connections with imposed deformations perpendicular to the edges) Fig. 10.

The deformations at maximum unbalanced moment, as well as the rotation capaci-
ties defined as the deformation at the conventional 80% residual unbalanced moment in
the connections are presented in Table 3 for the slabs at 1% floor and at 2" floor without
and with shear reinforcement, respectively. For the first floor, the deformation capacities
Waapr are of the same order of magnitude as the interstorey drift ratios at failure ;g g:
Wyan,g=2-0-2.3% for the edge connections with displacement perpendicular to the edge,
Wyiab,r=2-5—2.7% for the corner connections, v, = 3.4—3.8% for the internal connection
and y,, > 5.9—6.3% for the edge connections with displacement parallel to the edge.

For the second floor, the differences between slab rotations and interstorey drift ratios
are larger. The measured rotation capacities are: y,, p=2.0—4.2% for the edge connec-
tions with displacement perpendicular to the edge and v, x=2.9—5.1% for the corner
connections. The comparison between the two slabs shows that the conventional rotation
capacities of the failed connections of the slab with shear reinforcement is not significantly
higher than the one of the slab without shear reinforcement. This is probably due to the fact
that the failure was initiated by a degradation of the edge region (potentially related to the
poor detailing of the anchorage of the flexural reinforcement which is not uncommon in
past and current European projects) and less related to a classical shear failure where studs
as the shear reinforcement have proven to be very efficient for both gravity and seismic
actions (Einpaul et al. (2016), Lips et al. (2012) and Isufi et al. (2019)). With respect to the
residual strength after failure, connections with shear reinforcement perform significantly
better as described above Fig. 11.

The efficiency of the integrity reinforcement (two bottom bars in each direction, placed
in each connection as described above) was assessed both in edge and corner connections,
along lines A and D, and the interior connection B2 after punching. The integrity rein-
forcement was sufficient to avoid the collapse of the slab since the vertical loads could still
be carried after local punching of the connections.
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5.3 Comparison of the obtained deformation capacities with the proposed model

Figure 12 shows the comparison of the experimental deformation capacities attained on the
1* floor (without shear reinforcement) with the proposed Eq. (3). It has to be noted that this
equation is derived from the mechanical model that was developed for internal slab-column
connections and is thus not directly applicable for edge and corner connections. Neverthe-
less, to allow for a comparison, the deformation capacities according to this approach are
calculated also with the parameters of the edge and corner connections (similar parameters
for all edge and corner columns, so that only a single curve is presented). Since in edge and
corner connections, the reinforcement ratios are smaller than in internal connections, the
predicted rotation capacities are larger.

With respect to the internal slab-column connection, the prediction is conservative. This
is probably due to the fact that in the prediction, the plastic deformation of the sagging
reinforcement was intentionally neglected, whereas the interpretation of the test shows that
relatively large plastic deformations of the bottom reinforcement occurred in the column
region (see also plastic plateau in the moment-rotation relationship of Fig. 9). This is con-
firmed by the fact that a reasonable prediction is obtained when restrictions to neglect the
plastic deformations of sagging reinforcement are removed (dashed green curve in Fig. 12).

On the contrary, despite the fact that plastic deformations also occurred around corner
connections and edge connections with imposed displacements perpendicular to the edge,
the observed rotation capacities are smaller than the predictions using the model for inter-
nal connections. This observation confirms that the model by Drakatos et al. (2018) and
the simplification by Setiawan et al. (2019) are not applicable to these cases. In particular,
the significant torsional moments acting in the edge region (and the resulting shear forces
along the edges) are not accounted for in both models. It has to be mentioned that the
model for internal columns would agree better with the experimental results if the GSR of
the latter would be calculated accounting for simplified values of coefficient 3, proposed
by EC2. Nevertheless, this is not justified since coefficient 8, accounts for the unbalanced
moment due to gravity loads and should not be considered in this context.

The case of edge connections with imposed displacements parallel to the edge is again
different, with overly conservative predictions according to the model for internal columns.

6 Discussion

These observations show that there is a need for a theoretical development of mechanical
models for edge and corner connections. The involved parameters should be the same as
in the model of Drakatos et al. (2018) for internal columns, but the kinematic assumptions
should be adapted and the torsional moments/shear forces in the edge regions should be
accounted for.

The present work clearly shows that for both design and research points of view, more
attention should be devoted to the deformation capacity of edge and corner columns which
show potentially smaller deformation capacities than internal connections. Due to the fact
that in practical cases, imposed displacements can occur in all directions (unless very
stiff walls run parallel to the edge), the case of edge columns with displacements parallel
to the edge is less relevant, whereas the deformation capacity of edge connections with
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significant imposed displacement perpendicular to the edge can become governing for the
whole flat slab.

On the other side, the experimental investigation described above has shown that even
after the conventional failure (20% drop of the resistance), a redistribution of internal
forces between failed and still resisting connections is possible. This is also due to the fact
that the contribution of edge and corner connections is smaller than that of internal con-
nections (less stiff and less resistant) and that all failed connections were still able to carry
the gravity actions with a reasonable vertical displacement. This shows the importance of
the integrity reinforcement which can be activated after punching preventing the floor col-
lapse (see Fig. 1c) and the collapse of the whole structure, provided that the additional 2™
order effects can be carried by the primary system or/and by the still resisting slab-column
connections. This matter also opens the discussion on the definition of failure and of the
near collapse limit state. As stated above, the post-punching situation, where the integrity
reinforcement is activated after local failure, should be prevented to allow for a reasonable
repair after the earthquake, but this principle deserves to be questioned on the basis of
an investigation of the practical consequences and a clear definition of the damaged state
which can be considered as reparable or not. In addition, the definition of failure as a state
with a defined percentage of strength diminution is justified for primary seismic resisting
systems, but is questionable for secondary systems.

As described above, the investigated flat-slab frame was designed as a seismic second-
ary system with a relatively small GSR (also accounting for the partial safety factor as
stated in Sect. 3.3, the GSR, see Fig. 12, is smaller than the one that one could expect in a
structure which is not overdesigned). For this reason, although the present work provides
a step forward in understanding the actual seismic behaviour of flat-slab frames, the find-
ings described above should be validated for the case of larger GSRs. With this respect,
it is possible that in slabs with larger gravity loads, more damage would occur after local
punching and that the gravity loads could hardly be carried by the integrity reinforcement.
Although this paper focuses on the behaviour of flat slabs, the findings can be extrapolated
to waffle slabs with a sufficiently large solid portion of slab around the columns.

7 Conclusions

This paper presents the development of a closed-form expression derived from mechanical
models to predict the deformation capacity of internal slab-column connections without
shear reinforcement subjected to imposed horizontal displacements as well as the deforma-
tion capacities measured on a full-scale flat slab frame test setup consisting of two floors
with and without shear reinforcement and 12 columns (4 internal connections, 12 edge
connections and 8 corner connections). The main findings of the paper are:

1) The derived expression to predict the deformation capacity of internal slab-column con-
nections allows to account for all main parameters in a rational manner. The comparison
with existing tests shows a fine agreement and confirms that parameters like the size
effect (reduced deformation capacity for thicker slabs) can play a major role.

2) The experimental results of the full-scale flat-slab frame test show that a clear distinction
should be made between the deformation of the slab (which affects its resistance and
defines the deformation capacity of the slab-column connection) and the interstorey drift
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ratio. The slab rotation is typically smaller that the interstorey drift ratio (the column
deformation contributes to the deformation capacity of the system), but in some cases
the slab rotation can exceed the interstorey drift ratio (in these cases, neglecting the
column deformation and comparing the deformation capacity with the interstorey drift
ratio can be unconservative).

3) The observed deformation capacities of the slab column connections without shear
reinforcement show significant differences between column types and depend on the
direction of the imposed displacement. The deformation capacity of edge connections
with imposed displacements perpendicular to edge and corner connections are signifi-
cantly smaller that the observed deformation capacity of internal connections. On the
contrary, the deformation capacity of edge connections with imposed displacement
parallel to the edge are larger than in internal connections.

4) Similar conclusions can be drawn for the slab with shear reinforcement around the
columns, where only edge connections with imposed displacements perpendicular to
the edge and corner connections failed. In these cases, larger deformation capacities are
attained compared to the slab without shear reinforcement, but to a lesser extent than
reported in other works for internal connections.

5) The integrity reinforcement designed according to Eurocode 2 to increase robustness by
preventing progressive collapse showed to be effective. With this reinforcement placed
in the compression zone of the slab, the gravity loads were still carried after local fail-
ures of the slab-column connection.

6) Since in the tested flat slab frame, local and progressive collapses were prevented by the
presence of integrity reinforcement, the horizontal shear forces could be redistributed
after reaching the deformation capacity of some connections (conventional rotation
capacity defined as the deformation with 80% of the maximum moment) as other con-
nections could still carry additional moments. This redistribution of internal forces
allowed to carry a relatively constant base shear force up to a drift ratio of about 6%
when the test has been stopped for safety reasons.

This work confirms the need for additional tests on slabs with realistic dimensions.
More research efforts should be also devoted to the investigation of edge and corner slab-
column connections submitted to imposed lateral displacements. In addition, the deforma-
tion capacity of slabs with realistic dimensions and the efficiency of integrity reinforcement
should be investigated for higher gravity shear ratios which can be relevant in practice for
flat slabs designed as secondary seismic structures for gravity loads where the punching
shear resistance is the governing design criterion.
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