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Abstract: The paper presents a comprehensive evaluation of the revised punching shear design methodology
introduced in the new edition of Eurocode 2 (EN 1992-1-1:2023), with particular emphasis on improvements
derived from the Critical Shear Crack Theory (CSCT). Previous empirical methods were substituted with
a mechanical model formulated as closed-form expressions. The key revisions include a redefined control
perimeter located at 0.5dy from the column face (instead of 2d), harmonization of design approaches for
slabs and foundations, revised definitions of effective depths, differentiated contributions of concrete and
shear reinforcement to punching shear resistance and the explicit consideration of aggregate composition.
The paper also discusses the improved method for accounting for non-uniform shear stress distribution, which
offers better agreement with experimental observations and reduces the conservatism and inconsistency
associated with previous Eurocode provisions. The new procedure was validated against experimental results
from over 300 slab tests, showing average experimental-to-predicted load ratios (Vexp/ Vcarc) of 1.10 and
1.20 for slabs without and with shear reinforcement, respectively, with consistent accuracy across a wide
range of parameters. The analysis presented in the paper showed that the predictions of the new standard
tend to be closer to the experimental ones and provided a better estimate of punching capacity compared to
previous approaches (Vexp/Veale = 1.22, COV = 7%). It should be emphasized that the predictions proved
to be safe, even though the reinforcement in certain elements did not fully comply with design specifications
regarding spacing and the number of perimeters. Moreover, a comparable level of agreement between the
experimental and calculated load carrying capacities was observed for both axially and eccentrically loaded
elements, which confirmed the validity of the new procedure for determining the effect of the unbalanced
bending moment.

Keywords: punching shear, RC slab, control perimeter, shear reinforcement, Eurocode 2

IPhD., DSc. Eng., Lodz University of Technology, Faculty of Civil Engineering, Architecture and Environmental
Engineering, al. Politechniki 6, 93-590 Lodz, Poland, e-mail: michal.goldyn@p.lodz.pl,

ORCID: 0000-0002-7791-1940

2MSc. Eng., Lodz University of Technology, International Doctoral School, al. Politechniki 6, 93-590 Lodz, Poland,
e-mail: adam.michalak @dokt.p.lodz.pl, ORCID: 0009-0001-2504-5964


https://doi.org/10.24425/ace.2025.155093
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:michal.goldyn@p.lodz.pl
https://orcid.org/0000-0002-7791-1940
mailto:adam.michalak@dokt.p.lodz.pl
https://orcid.org/0009-0001-2504-5964

182 M. GOLDYN, A. MICHALAK

1. Introduction

The new generation of Eurocodes is intended to be a more comprehensive, updated
and technically advanced set of guidelines that reflect the latest developments in materials,
construction technology, sustainability and climate change risks. The new edition of Eurocode 2
(EN 1992-1-1:2023) has brought many changes to the design of reinforced concrete structures.
The issue of punching shear is still relevant, as shown by experimental studies and analytical
research conducted in numerous research centres [1-5]. The principles for the load-carrying
capacity of the support zones of flat slabs have been significantly expanded and made more
detailed with respect to the previous edition of the standard. The standard includes the latest
findings from experimental research and analytical work carried out in various European
centres [6—14]. The design procedure is based on the Critical Shear Crack Theory (CSCT),
developed by Muttoni et al. [15, 16], described in more detail in [17, 18], among others. The
punching shear carrying capacity is analytically defined as the intersection of the load-rotation
relationship of the slab-column connection, describing the flexural response of the slab resulting
from the applied shear force, and the failure criterion, indicating the maximum shear force
associated with a given state of deformations [15, 19].

Considering the postulate of simplifying design regulations, the concept of successive
levels of approximation of the slab rotation, introduced in the pre-norm fib Model Code
2010 [20], was abandoned in favour of consistent closed-form equations to contribute to the
ease of use of the standard. The detailed approach is left for the evaluation of the existing
structures (Annex I [21]). The following sections discuss the most important changes and their
implications on the design process.

2. Design principles

2.1. Important changes in the punching shear design

The most important changes in the punching shear design procedure include:

— change in the location of the basic control perimeter from 2d to 0.5d, from the edge
of the supporting area; the location of the basic control perimeter is thus the same as
assumed in the Swiss STA 262 [22] or the American ACI 318-25 [23] standards;

— unification of the provisions for slender slabs and foundations (the iterative approach
was abandoned), assuming that in both cases the critical shear crack forms at an angle
of 45°; this assumption applies to all considered control sections — thus, among others,
the basic and external control sections;

— differentiation of the effective depths considered in the flexural (d) and punching shear
analyses (dy and dy ou) — see Figure 1; the effective depth dy ouc Was related at the same
time to the type of the shear reinforcement, which influences the formation mechanism
of diagonal cracks outside the shear-reinforced area and accounts for the possibility of
delamination in compression surface;
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Fig. 1. Definition of the effective depths in the punching shear analysis

— inclusion of the aggregate composition (aggregate particle size), affecting the profile
of the failure surface and determining the mechanism of aggregate interlock;

— consideration of the variable contribution of concrete and shear reinforcement to
thepunching shear resistance;

— extension of the list of punching shear reinforcement that can be designed in accordance
with the code provisions to include double-headed studs; formerly they had to be designed
in accordance with the relevant European Technical Approvals (ETA);

— clarification of the guidelines for placing the elements of shear reinforcement, including
the formulation of separate rules for slender slabs and foundations.

2.2. Slabs without shear reinforcement

The punching shear load carrying capacity of slabs without transverse reinforcement is
defined as the intersection of the curve describing the failure criterion and the load—rotation
response function characterizing slab behaviour under load — see also Fig. 6a. Introducing
some simplifications [24,25], including the assumption that the effective depth d = d, and any
effects associated with non-uniform distribution of shear stress on the control perimeter will be
taken into account when estimating the shear stress 74 (by a factor 8, > 1) and also assuming
location of the line of zero radial moment a,, = 8d, a function describing the punching shear
resistance in a form similar to that used in the existing Eurocode 2 [26] is obtained

0.6 / die 05
2.1) TRd.e = — kpby| 100p fx— < —=+/fux
Yv dy Yv

where: vy, — partial safety factor for shear related capacity (yy = 1.4), k5, — shear strength
increase factor, p; — longitudinal reinforcement ratio, f.x — concrete compressive strength,
dqg — parameter describing the failure zone roughness (dg¢g = dg + 16 mm), d, — smallest
value of the upper sieve size for the coarsest fraction of aggregates used, d, — shear resisting
effective depth.

The coefficient k,, appearing in the expression (2.1) accounts for the strength enhancement
due to the shear field gradient in the control section and represents a smooth transition between
one- and two-way shear [16]. It considers the relationship between the shear force Vg4 and the
bending moment acting in the width of the support strip mgq. Taking into account the function
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describing the relationship between the lengths of the basic perimeter and perimeter of the
support region, the parameter kp, can be expressed as follows

dy dy 8 by
2.2 kob = A |5—lp = 4 |5— - bos—bg) =3.6,/1 — —
(2.2) pb \/ bos Hp \/ bos ﬂdv( 0,5 — bo) \f bos

where: bg — length of control perimeter at face of supporting area, bg 5 length of control
perimeter at a distance of 0.5d, from column edge, and k, restricted to 2.5, reflecting the
limitation of shear resistance for very small supporting areas.

Figure 2 compares the punching shear resistance according to the existing (vrq,c) and new
edition of the standard (trq,c).
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Fig. 2. Comparison between punching shear resistance according to existing and the new approach

Changing the position of the basic control perimeter required adjusting the stresses, which
are about 70+100% higher. In contrast to the previous Eurocode 2, which only accounted
for the effect of slab thickness by means of a scale effects factor, in the range characterizing
typical slender slabs, an increase in ultimate stresses accompanying an increase in the dy /c
(or dy/D) ratio can be observed. Only in the case of thicker slabs does the upper limit of the
kpp factor become decisive (with dy/D = 1 and d,/c = 1.2), a decrease in the Trq,c/VRd,c ratio
is observed.

Figure 3 compares the punching shear capacities of flat slabs from concrete C30/37
(f = 30 MPa), characterized by a reinforcement ratio p; = 1.20%, depending on the relation
between the effective depth and the column dimension (width ¢ or diameter D), in light of the
existing [26] and the new edition of Eurocode 2 [21]. In the case of a square column, the load
capacities resulting from the new procedure are lower — in the range of dy/c = 0.5+2 by about
5+30%. The difference between two design approaches increases as the d, /c ratio increases.
Therefore, lower punching shear capacities should be expected for thicker (less slender) slabs
such as transfer slabs. For a column with a circular cross-section, the load carrying capacity
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Fig. 3. Comparison of the punching shear carrying capacities according to Eurocode 2 edition 2004 [26]
and 2023 [21], with respect to effective depth to column size aspect ratio: (a) square, (b) circular column

according to the new standard [21] is about 8+10% lower, regardless of the dy /D ratio. The
reasons for the differences are primarily to be found in the association of punching shear
resistance with shape and size of the supporting area as well as effective depth of the slab,
which are captured by the parameter kpp.

2.3. Effect of the unbalanced bending moment

A very important and desirable modification is the revision of the method for calculating
the increasing factor 8, which takes into account the concentration of shear stresses due to
the action of the unbalanced bending moment transferred from the slab to the column. This
coeflicient is a design simplification that increases the punching force Vg4 when determining
the shear stress 7gq. Based on a systematic analysis conducted using the finite element method,
including structural systems characterized by varying floor spans and thicknesses as well as
column shapes and sizes, Vollum et al. [13] specified the relationship between maximum shear
stresses and average stresses along the length of the reduced perimeter. The results obtained
made it possible to formulate the following relationship

2.3) Be=1+112 >1.05

by
where: ey, — the eccentricity of the resultant of shear force with respect to the centroid of the
control perimeter, by, — geometric mean of the minimum and maximum overall widths of the
control perimeter.

Figure 4 compares the increasing coefficients 3, characterizing the edge and corner supports.
The analyses assumed a square column with a side length of ¢ = 400 mm, adopting a rather
wide range of relative eccentricities e /c = 1.0+1.8, covering most cases encountered in practice.
It can be clearly seen that the predictions of the existing standard EN 1992-1-1:2004 [26]
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Fig. 4. Comparison between coefficients including effect of the concentration of shear forces in the case
of: (a) edge, (b) corner column-and-slab connections

lead to a significant variation in 3 coefficients, reaching about 2.5 and even 4.5 for edge and
corner supports, respectively. In the case of flat slabs of common thickness (dy/c ~ 0.4+0.5)
and eccentricity e > 1.2¢, typical for edge connections in slab-and-column systems with
a uniform support grid in both directions, S coefficients exceeding, sometimes significantly
(even by 40%), the value of 5 = 1.40 assumed as safe simplification. Similar observations apply
to corner supports, where the achieved values of 3 coefficients are even higher and significantly
deviate from the constant value of 8 = 1.50, even by 35 + 100%. These discrepancies raised
serious doubts about the validity of the predictions of the standard procedure, as pointed out,
among others, in the papers of Gotdyn and Urban [27,28], since they did not reflect the results
of experimental investigations, leading to an underestimation of the punching shear capacity —
on average, even by about 50%.

The values of the 3, coefficients derived from equation (2.3) are much more consistent.
Even with relatively high eccentricities e = 1.8¢, reflecting the effect of the high unbalanced
bending moment, the coefficients S, are only about 20% higher than the constant values
recommended as a simplification in stiffened structures with a uniform support grid. At the same
time, the expression (2.3) is considerably simpler to use, since the cumbersome determination
of the perimeter coefficient W; with respect to the axis of the net bending moment is not
required, as was the case in the procedure [26].

The effect of the aforementioned changes in the determination of punching shear resistance
as well as the effect of the concentration of shear stress in the control section was analysed
on the example of edge columns with a section of 400 X 400 mm, connected with a slab of
thickness # = 150+330 mm, made of concrete class C30/37. A constant relative eccentricity
e/c was assumed. For floor slabs of typical thicknesses (dy/c = 0.4+0.5), the load capacities
resulting from the predictions of the new standard are 5+20% and even 20 + 50% higher for
edge and corner columns, respectively — see Fig. 5. This is primarily a result of changes in the
way the S coefficient is determined, especially for corner columns.
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Fig. 5. Comparison of the punching shear carrying capacities according to existing [26] and the new
edition [21] of Eurocode 2 in the case of: (a) edge, (b) corner column-and-slab connections

2.4. Contribution of shear reinforcement

The contribution of shear reinforcement allows to increase the punching shear capacity of
slabs, which is mainly due to the limitation of the width of diagonal cracks by intersecting
bars (vertical or bent). From the failure criterion presented previously, it follows that the
punching shear capacity of a slab without transverse reinforcement is a function of deformation,
represented by the rotation angle . Considering the descending branch of the exponential
failure criterion and adopting 1. = Vr ¢/VE (Vr.c is the punching shear capacity of the slab
without shear reinforcement and Vg is the shear force), the contribution of concrete to the
punching resistance can be written as Ve g = Vr ¢ - 77¢ [8]. Including the relationship between
width of the diagonal crack (which depends on the rotation angle) and the stress activated in
the shear reinforcement, taking into account the simplified stress-rotation relationship, the
equation describing the punching shear resistance of shear-reinforced slab can be obtained

2.4) TRd,cs = Nc * TRd,c T s * Psw ° fywd 2 Psw * fywd

where: Trq,c — punching shear resistance of slab without shear reinforcement, see Eq. (2.1),
1. — the concrete contribution reduction factor, ns — the shear reinforcement contribution
reduction factor, fywq — yield strength of the shear reinforcement, ps — shear reinforcement
ratio, including cross-sectional area of the elements and its spacing in radial and tangential
direction [pgw = Asw/(sy - 5)].

Figure 6a illustrates the punching resistance resulting from the contribution of concrete
(grey area) and transverse reinforcement (red area). Unlike the procedure [26], the new standard
assumes a variable contribution of concrete and reinforcement to the punching resistance
of a slab with transverse reinforcement. The procedure [26] implied a constant concrete
contribution, which was 75% of the punching resistance of a slab without shear reinforcement.
The change in philosophy is explained by the need to reflect the physical behaviour of reinforced
concrete slabs. As deformation and associated cracking increase, a decreasing contribution
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of concrete is to be expected, while the contribution of reinforcement increases. The upper
limit of the ratio ns = 0.8 is based on the assumption that only a portion of the punching shear
reinforcement can be activated and yield. Figure 6b shows the contribution of concrete and
reinforcement as a function of the shear stress to punching shear resistance ratio Tgq/Trd.c
(level of punching shear resistance exceedance). In the range 7gq/Tra,c = 1.0+1.8, resulting
from the maximum punching shear resistance, the contribution of concrete varies nonlinearly
from 1.0 to about 0.55. The value . = 0.75, corresponding to the previous approach [26],
was obtained at Tgq/Trda,c = 1.35, which corresponds to a moderate level of punching shear
resistance utilization.
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Fig. 6. Contribution of concrete and shear reinforcement on punching shear resistance: a) impact on
failure criterion, b) effect of the utilization of shear capacity

By determining the maximum punching shear capacity, a number of parameters were
analysed and as the most important were indicated [29]: the type of punching shear reinforcement
used, which determines, among other things, the anchorage conditions and the effectiveness in
limiting the development of concrete cracking at the same time, the size of the supporting area,
and the distribution of the punching shear reinforcement. As before, the maximum punching
shear capacity is expressed as a multiple of the punching shear resistance of slab without shear
reinforcement

(2.5) TRd,max = TJsys * TRd,c = (nsys,O +0.63 V4 bO/dv) * TRd,c

where: 175y5 0 — coeflicient dependent on type of punching shear reinforcement (0.70 for headed
studs and 0.50 for stirrups and bent-up bars), by — perimeter of the supporting area, dy — shear
resisting effective depth.

In contrast to the previous approach of Eurocode 2 [26] as well as the European technical
approvals [30], a constant value for the coefficient expressing the maximum shear resistance
capacity was abandoned. Figure 7 shows the variation of the parameter 7sys as a function of the



EN 1992-1-1:2023 — A NEW LOOK AT THE ISSUE OF PUNCHING SHEAR DESIGN 189

relative perimeter of the supporting zone. In the range of effective depths typical for slender
slabs (dy = 160 + 260 mm), this coefficient is in the range of 1.5 + 1.6 for stirrups. Thus, it is
close to the limit value kpnax = 1.5 introduced to the standard [26] in 2014. However, in the
case of double-headed studs higher by about 15% punching shear resistance can be obtained.
At the same time the coeflicient 7zys assumes values lower by about 10 + 15% in relation to the
kmax limit value adopted in ETA.
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Fig. 7. Coeflicient expressing the maximum punching shear resistance, depending on the size of the
supporting area

When considering the load capacity outside the area of shear reinforcement, the reduced ef-
fective depth dy oy depending on the reinforcement installed is taken into account (see Figure 1).
Assuming that the punching shear resistance associated with the outer control section b s, ou
is equal to the required resistance associated with the basic control section (Trg out = TRd.cs)>
a relation describing the required length of the external control perimeter (excluding failure
outside the shear-reinforced area) can be derived

bO,S,out kpb,out _ TEd dv

kpb,outTRd,c : bO,S,outdv,out = kprEd : bO,de = =
bos  kpv TRd,e  dv,out

bos.out | bos dy
(2.6) = o0 / SR
bO,S bO,S,out e dv,out

2
1 d

bo,s,om:bo,s(— - )
Nc dv,out

where: bg 5 — length of the basic control perimeter, 7. — concrete contribution reduction factor
equal to Trd,c/Ted, dv, dv.out — shear resisting effective depths (see Fig. 1).

Figure 8 shows the relationship between the relative shear stress Tgq/Trd,c and the required
length of the outer control perimeter, which can be up to several times the length of the base
perimeter bg 5, while the type of shear reinforcement used is also important. The length of
the outer perimeter directly affects the required range (number of perimeters) of the punching
shear reinforcement, since the last perimeter should be at a distance of less than 0.5dy ou
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slab without shear reinforcement

from the b 504 perimeter. As demonstrated in [31], the extent of reinforcement resulting from
equation (2.6) can lead to a higher demand for punching shear reinforcement with respect to
ETA procedure.

3. New procedure in the light of experimental investigations

The new design procedure was verified on the basis of experimental results of a total of
more than 300 elements included in databases (among others [32,33]) corresponding to slender
slabs, foundation slabs and footings, loaded in an axial and eccentric manner. For flat slabs
without punching shear reinforcement, an average ratio of experimental to theoretical load
capacity of about 1.10 was obtained with a coefficient of variation of about 12%. Importantly,
the predictions did not show any noticeable trend, unlike the previous approach [26], affected
by column size-to-effective depth ratio and effective depth of the member (scale effect) [34].
Good agreement was also achieved for flat slabs with punching shear reinforcement, yielding
an average Vexp/Veale ratio of about 1.20 with a coefficient of variation of about 12%. At the
same time, the prediction quality was not found to be dependent on any of the main parameters,
such as effective depth, concrete compressive strength, slab slenderness, longitudinal or shear
reinforcement ratio.

An interesting aspect of predicting the punching resistance also seems to be the verification
of the failure mode, which, in the case of shear-reinforced slabs, can be associated with the
formation of a diagonal crack within the shear-reinforced area (Vrq,cs) or outside it (Vrd,out) but
also with exceeding the effective strength of concrete within the direct connection to the column
(VRd.max)- For this reason, it was decided to analyse the results of the experimental investigations
on flat slabs that were not included in the databases, previously cited. The comparison includes
also slab with a deliberately introduced installation error, resulting in a reduction in the effective
depth by 20% with respect to the designed value.
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3.1. Characterisation of the test specimens

A comparison of the theoretical punching load capacities was carried out to evaluate the
procedure [21] in the light of previous approach [26], including the results of experimental
investigations carried out at the Lodz University of Technology [35, 36]. They included
specimens with dimensions of 2.3 x 2.3 x 0.18 m, reflecting the internal column-and-slab
connection. The research program covered three series. In the first (S), the columns had a square
cross-section with a side length ¢ = 0.25 m, while in the other two (P and PM), they had
a circular cross-section with a diameter of D = 0.25 m. The elements were made of concrete
with an average compressive strength of fon = 14.9+45.3 MPa and reinforcing steel with
a yield strength of fy, = 517.9+585.1 MPa. The upper reinforcement mesh consisted of bars
@12 every 150 mm or @6 every 90 mm (p | = 0.51 and 1.53%), for the S, P and PM-series
specimens, respectively. The cover of top reinforcement was cpom = 15+20 mm, except for
element S4, where it was increased to 50 mm to account for the effect of a typical execution
error of lowering the reinforcement under on-site conditions. Bottom reinforcement consisted of
@8 every 150 mm and @10 every 180 mm, for the S, P and PM-series specimens, respectively.
Most of the elements of the second and third series contained transverse reinforcement in the
form of double-headed studs with a diameter of @12 (A, = 118.8 mm?), arranged radially
around the columns. The test specimens were presented on Figs. 9 and 10.
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Fig. 9. Specimens: (a) S-1+S-3, (b) S-4 from the tests [35]
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The test setup allowed for fixing the slabs with 16 bolts placed evenly around the perimeter
and enabled axial (S and M models) or eccentric (PM) load application on the columns. The
load eccentricity for the PM models was fixed at ¢ = 0.1 m. All the specimens were loaded
gradually until failure.

3.2. Load capacities and failure modes

The new Eurocode EN 1992-1-1:2023 [21] allows for the iterative determination of punching
shear resistance for individual reinforcement perimeters, which is important in engineering
practice and allows for a more optimal slab design. The verification of the shear stresses is
carried out at the control sections corresponding to location of the shear reinforcement. An
iterative approach is used to find the shear force Vgq at which the shear stress 7gq on the
considered control perimeter reaches the punching shear resistance Trq ¢s. The parameter S,
which takes into account the non-uniform distribution of shear stresses, is estimated individually
for each perimeter under consideration. In the case of a constant load eccentricity, the solution
sought is reduced to solving an equation with one variable. A number of modifications are
applied, including the following: using a reduced effective depth dy i, replacing the control
perimeters bg and bg 5 with bg s ¢ (perimeter of the reinforcement) and by s (perimeter moved
0.5dy out away from it in the column direction), determining the punching shear resistance Trq ¢
for each of the sections under consideration (a factor ky, is calculated in each case, depending
on the lengths of the perimeters b s and by s s) adjusted by the factor (d, / d\,,om)o’5 to account
for reduced effective depth of the slab.

Table 1 summarises the theoretical load capacities for the experimental models S, P, PM,
calculated on the basis of standards [21,26] and the EOTA technical report TR 060 [37].
Although the standard [26] does not include the use of double-headed studs, the general design
procedure for punching shear-reinforced members was used, assuming that the maximum stress
at the control perimeter cannot exceed Vrd max(#1) = 1.5vrg,c — even though the reinforcement
used did not meet the structural spacing requirements in some cases. For Eurocode EN1992-1-
1:2023 [21], an iterative procedure for determining the punching resistance was used. Figure 11
compares the detailed load capacities of two selected elements (P-28.3, P-16.2M) resulting
from the different failure mechanisms. All calculations were made considering the mean
strength parameters determined by the tests (yas = 1.0).

An average ratio of experimental to theoretical capacities Vexp/Veale of 1.29, 1.32, 1.22 was
obtained for the procedures presented in EN 1992-1-1:2004 [26], EOTA TR 060 [37] and
EN 1992-1-1:2023 [21], respectively, with a coefficient of variation of 7+14%. The theoretical
load capacities Vg ¢ for elements without transverse reinforcement were found to be similar to
those determined according to the other design approaches (differences not exceeding 11%).
The calculations according to procedures [21,26] indicated in almost all the specimens
with shear reinforcement failure outside the punching shear-reinforced zone (VR our). The
procedure [37] requires for the transfer of the entire shear force via the doble-headed studs and,
due to its limited number in the elements of the P-8 series, load capacities VR s turned out to
be less than the load capacity Vg . In other cases, the failure was due to exceeding the load
capacity VR our- According to the new edition of Eurocode 2 [21], the maximum load-carrying
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Table 1. Comparative analysis of the punching shear capacities

Test fem Eurocode 2:2004 [26] EC2:2004+ETA Eurocode 2:2023 [21]

specimen Vexp|VR,c | VR, max | VR s |VR out| Veale “;Lx]p VR,s | Veale \‘//if VR, ¢|VR, max| VR, es| VR out|Vealc “;Lx]p
[MPa]|[kN]|[KN]| [KN] |[kN]| [KN] |[kN]| “|[KN]|[kN]| ~“*“ |[kN]| [kN] |[kN]|[KN] |[[kN]|

S-1 453 1500|428 - - - |428]1.17 428 | 1.17 |446| - - — |446(1.12

[35] S-2 38.8 1495(399| - - — 1399(1.24| — [399| 1.24 |417| - - - |417(1.19
S-3 38.9 |475(406| - - — |406(1.17| — |406| 1.17 |423| - - - |423|1.12

S-4 | 40.2 |367 (311 - - — |311|1.18] — |311]1.18 |346| - - - |346(1.06

P-0 19.2 1495|435 - - - |435]1.14 435|1.14 |405| - - — |405](1.22

P-8.1 | 30.0 | 750|505| 736 | 844 | 564 |564|1.33|350|505| 1.49 [507| 839 | 700 | 590 |590|1.27
P-16.1 | 252 {700 |478| 639 [1290| 540 | 540 |1.30{700|540| 1.30 |467| 774 | 868 | 562 |562|1.25
[36] P-16.2 | 24.7 | 700|473 | 621 [1067| 559 |559|1.25/700|559| 1.25 |460| 762 | 593 | 576 |576|1.22
P-28.3 | 149 | 675400 | 391 [1083| 558 |391 |1.73{700|391 | 1.73 |357| 592 | 545 | 547 |545|1.24
P-OM | 243 [425|384| - - — |384|1.11| — |384]| 1.11 |357| - - - |357]1.19
P-8.1M | 28.6 | 625|406 | 577 | 685 | 453 | 453 |1.38|286|406| 1.54 |388| 642 | 565 | 493 |493|1.27
P-16.1M| 20.6 | 575|364 | 431 |1034| 411 |411 [{1.40|572 411 | 1.40 |329| 545 | 688 | 447 |447(1.29
P-16.2M| 25.7 | 650 (392 | 526 | 876 | 463 | 463 (1.40|572 463 | 1.40 |367| 609 |467 | 501 |467(1.39
Mean: |1.29 1.32 1.22
COv: |0.13 0.14 0.07

capacities VR max calculated on the basic control perimeter were, on average, 5% higher than
those derived from the previous standard [26]. In contrast, when compared to the EOTA
approach [37], the values were 20% lower, which was attributed to the higher value of the
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Fig. 11. Theoretical load carrying capacities of the test specimens: (a) P-28.3, (b) P-16.2M
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coefficient knax = 1.96. Notably, the new design procedure [21] does not include the check for
VR, max load capacity at the edge of the supporting area, a criterion that was more restrictive for
the considered specimens (especially for slab P-28.3). The failure of the P-16 and P-28 series
elements was associated with the formation of a diagonal crack outside the shear-reinforcement
zone. Only in the case of the P-8 specimens shear crack crossed the transverse reinforcement
and was inclined at an angle of 30° [36]. Despite the reinforcement spacing requirements not
being met in most of the analysed specimens, failure within the reinforced zone was observed in
only two models. Similar to [26], the new procedure correctly identified the failure mechanism
in only a few cases. However, it is worth noting the relatively small difference between the
load carrying capacities Vg ¢s and VR out.

4. Conclusions and outlook

The new edition of Eurocode 2 [21] has introduced many expected changes in the punching
shear design of reinforced concrete slabs. The analysis demonstrated, that the predictions of
the new standard are less conservative and provides the best agreement with the experimental
results among all of the considered approaches (Vexp/Veae = 1.22, with a COV of 7%).
Importantly, the predictions remained safe, even though the reinforcement of some elements
did not meet the design requirements in terms of spacing or the number of the perimeters of
shear reinforcement.
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EN 1992-1-1:2023 — nowe spojrzenie na problem przebicia w Zelbecie

Stowa kluczowe: przebicie, ptyty zelbetowe, obwéd kontrolny, zbrojenie poprzeczne, Eurokod 2

Streszczenie:

Nowe wydanie Eurokodu 2 (EN 1992-1-1:2023) wprowadzito istotne i dlugo wyczekiwane zmiany
w projektowaniu konstrukcji zelbetowych. Na podstawie wynikow badari i prac analitycznych rozszerzono
oraz uszczegétowiono zasady dotyczace wymiarowania stref podporowych stropéw ptaskich. W celu
opisania zjawiska przebicia wykorzystano model mechaniczny bazujacy na Teorii Krytycznej Rysy
Ukosnej (Critical Shear Crack Theory — CSCT), opracowanej i rozwijanej przez zespétpod kierunkiem
Muttoniego. W poréwnaniu do procedury obliczeniowej przedstawionej w prenormie fib Model Code
2010 w nowym podejSciu zrezygnowano z koncepcji kolejnych pozioméw aproksymacji kata obrotu plyty
¥, zastepujac je gotowymi formutami obliczeniowymi. W stosunku do Eurokodu 2 (EN 1992-1-1:2004)
zmodyfikowano potozenie podstawowego obwodu kontrolnego, ustalajac go w odleglosci 0, Sdy, zamiast
2d od krawedzi stupa. Ujednolicono takze zasady dotyczace ptyt smuktych i fundamentéw, rezygnujac
z podejscia iteracyjnego i przyjmujac, ze rysa formuje si¢ pod katem 45°. Rozrézniono takze wysokosci
uzyteczne uwzgledniane w analizie zginania (d) oraz przebicia (dy i dy,out), przy czym wysokos¢ dy out
powigzano z rodzajem i sposobem kotwienia zbrojenia poprzecznego. Jednym z nowych parametrow
przy obliczaniu no$nosci na przebicie stalsi¢ rozmiar ziarna kruszywa, ktéry determinuje mechanizm
zaz¢biania kruszywa i wplywa na sposéb przekazywania sit $cinajacych. Dodatkowo, wprowadzono
parametr k5, ktéry uwzglednia przejscie z ptaskiego na przestrzenne Scinanie, faczac naprezenia
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graniczne z ksztaltem i wielko$cig podpory, a takze wysokoScia uzyteczng plyty. W artykule dokonano
oceny wprowadzonych zmian na nao$no$¢ na przebicie plaskich ptyt zelbetowych. W przypadku
podpér o przekroju prostokatnym stwierdzono zwiekszajaca sie réznice pomiedzy teoretycznymi
nos$nosciami na przebicie, okre§lonymi wedlug regutdotychczasowego i nowego Eurokodu 2, ktéra,
w zaleznoSci od stosunku wysokos$ci uzytecznej do szerokosci stu. pa wynosita od 5 do nawet 30%.
W przypadku podpdr o przekroju kotowym nos$nosci obliczone wedtug nowego Eurokodu 2 byty o 8 +10%
nizsze, niezaleznie od omawianej relacji. Kolejng wazna i pozadana zmiang bylo wprowadzenie nowej
formuly do wyznaczania wspdtczynnika zwigkszajacego 8, odpowiadajacego za koncentracje naprezen
stycznych wynikajacych z dziatania momentu niezréwnowazonego przekazywanego z plyty na stup. Jak
pokazaly wcze$niejsze analizy, przewidywania dotychczasowego Eurokodu 2 prowadzily do znacznego
niedoszacowania no$nosci, nawet o 50%. Analiza wplywu tego parametru przeprowadzona dla podpér
krawedziowych i naroznych wykazata, Ze nowy sposéb wyznaczania parametru ., zaproponowany
przez Volluma i in., prowadzi do nos$nosci o 5 do 50% wigkszych niz te uzyskiwane na podstawie
procedury obliczeniowej z 2004 roku. W przeciwieristwie do normy EN 1992-1-1:2004, w nowym
podejsciu zaktada si¢ zmienny udziat betonu i zbrojenia poprzecznego w nosnosci na przebicie, co
wynika z rzeczywistego zachowania plyty zelbetowej podczas obcigzania. Wraz ze wzrostem deformacji
i zwigzanego z tym zarysowania nalezy oczekiwac zmniejszajacego si¢ udzialu betonu, przy jednoczesnie
zwickszajacym si¢ udziale zbrojenia. Zrezygnowano ze stalej wartosci wspétczynnika wyrazajacego
nos$no$¢ maksymalna, uzalezniajac ja od szeregu parametréw, takich jak: rodzaj zastosowanego zbrojenia
na przebicie, wielko§¢ podpory czy wysoko$¢ uzyteczna plyty. W przypadku trzpieni dwugiéwkowych
ograniczono mozliwo$¢ zwigkszenia nosnosci na przebicie o okoto 10 + 15% w poréwnaniu do
procedury ETA (kmax = 1, 96). W pracy dokonano oceny nowej procedury normowej w §wietle wynikéw
badan eksperymentalnych prowadzonych na Politechnice L.6dzkiej. Teoretyczne nos$nosci okreslono
zgodnie z procedurami EN 1992-1-1:2023, EN 1992-1-1:2004 oraz raportem technicznym EOTA
TR 060. Rozwazono trzynascie modeli, zgrupowanych w trzech seriach badawczych, obejmujacych
polaczenia wewngtrzne plyt Zelbetowych grubosci 0,18 m i wymiarach w rzucie 2,3 X 2,3 m, oraz
stupéw o przekroju kofowym i kwadratowym. Elementy wykonano z betonu o Sredniej wytrzymalosci na
Sciskanie fem = 14,9+45,3 MPa, za$ stopieri zbrojenia gléwnego wynosit p; = 0.51 i 1.53%. Wybrane
plyty zostaly dodatkowo zazbrojone na $cinanie trzpieniami dwugtéwkowymi @12, rozmieszczonymi
na jednym, dwéch lub trzech obwodach wokétstupa. Elementy obcigzano zaréwno osiowo jak i ze
stalym mimos§rodem wynoszacym e = 0, 1 m. Uzyskano $redni stosunek nosnosci eksperymentalnej
do teoretycznej réwny 1,29, 1,32, 1,22, odpowiednio w przypadku procedur obliczeniowych EN
1992-1-1:2004, EOTA TR 060 oraz EN 1992-1-1:2023, przy wspétczynniku zmiennosci na poziomie
7+14%. Nosnosci teoretyczne elementéw bez zbrojenia na przebicie, wyznaczone dla wszystkich
rozpatrywanych podejs$¢ obliczeniowych, byty zblizone, a réznice mi¢dzy nimi nie przekroczyty 11%.
Nalezy zauwazy¢, iz przewidywania normy EN 1992-1-1:2023 okazaty si¢ bezpieczne, mimo iz zbrojenie
niektérych elementéw nie spelniato warunkéw konstrukcyjnych w zakresie rozstawu czy liczby obwodow.
Obliczenia wedlug tej procedury charakteryzowaly si¢ przy tym najlepsza zgodno$ciag z wynikami badan
eksperymentalnych (Vexp/Veale = 1,22, @ = 7%), zaréwno w przypadku elementéw bez zbrojenia jak
i zbrojonych na przebicie. Nie we wszystkich przypadkach mozliwe byto oszacowanie prawidlowego
sposobu zniszczenia, jednak podkreslenia wymaga stosunkowo nieduza réznica pomi¢dzy no$nosciami
powigzanymi z zewnetrznym przekrojem kontrolnym (VR o) i strefg zbrojong na przebicie (VR cs)-
Warto zauwazy¢, iz podobny poziom zgodnosci no$nosci eksperymentalnych i teoretycznych uzyskano
w przypadku elementéw obcigzonych osiowo i mimosrodowo, co potwierdzito prawidtowo$¢ nowej
procedury okreslania wptywu niezréwnowazonego momentu zginajacego.
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