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Shear, verification procedure

Failure of the inclined compression field

o Ve for linear
Ed —
bw-z  members

or — shear reinforcement shall be designed
 vgg for planar

o Vea
BTy members

o Ted < TRdc —s shear reinforcement is not required
— Rdc,min

Ted < TRdemin ~ —s> Detailed verification of the shear resistance may be omitted

z is the lever arm for the shear stress calculation defined as z = 0,9d
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Verification of the minimum shear stress resistance

11 |fyo dag

TRdc,min — ——°
Yv fyd d

TN

ddg =16 mm + Dlowers 40 mm for (fck <60 MPa) or V£ /1‘7’-3”’//"‘25/7”” R R
15237 > fop = B2 (U
ddg =16 mm + Dlower (60/fck)2S 40 mm for (fck > 60 MPa) Der'= 7/# jm ; VAP

i 777 AR 4P R ARV a )
RANS” v R =

= Simple verification without knowing the flexural
reinforcement possible

» Areas in slabs where a shear verification is required can
be easily detected (refined verification for shear or
punching required in governing areas only)
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Refined verification of the shear stress resistance (members without shear reinforcement)

= Formula looks similar as in current EN 1992-1-1:2004

W[ =

0,66 ddg
TRdc = g 100p; - fex arR 2 TRdc,min = What is new?

Formula derived analytically from the general expression of the Critical Shear Crack Theory
(formula in current EN 1992-1-1:2004 was fully empirical)

Allows for several levels of refinement

Can be easily generalized to others cases
(effect of axial force, different types of concrete, non-metallic reinforcement, ...)

Recommended value », = 1,40 due to the fact that the variability of f,, has a smaller influence on the shear
resistance, but higher model uncertainties than for compression members used to calibrate ;. = 1,50
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Bases of the Critical Shear Crack Theory (instance of shear in members without shear reinf.)

V
critical shear crack l

» Adapted from Cavagnis et al. 2018

Measurement results by Muttoni 1985 and
Cavagnis 2015

Scale: —— 0.5 mm Beam BP0

Scale: —— 0.5 mm SC54

- @® initia] crack

(al)

= The shear resistance depends on:
Original cardboard » Strain in the longitudinal reinforcement
model by Muttoni, 1985 Effective depth

gfiﬁ;gg;g?nd * Roughness of the Critical Shear Crack
' (which depends mainly on the aggregate size)
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Bases of the Critical Shear Crack Theory (instance of shear in members without shear reinf.)
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Bases of the Critical Shear Crack Theory (instance of shear in members without shear reinf.)

(a) crack pattern

V
window in (b) critical shear crack l

Adapted from Cavagnis
etal. 2018

(b) critical shear crack lips displacements (c) forces along CSC (d) evolution of relative contribution

critical shear crack
1
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Bases of the Critical Shear Crack Theory (instance of shear in members without shear reinf.)

(b) CSC geometry (¢) CSC kinematics (d) crack opening (e) crack sliding

center of
rotation™

-
Yl

; . Adapted from Cavagnis
“up etal. 2018

() equilibrium (g) failure load for given section (h) determination of governing section

= load-strain - A

Vo oy |5 ., relationship s

2 2 V governing
= — failure i e comp section locatlorN

agg " ) criterion S

M|y - = 3
o !

= ~

A o

e d/d e x /a

1

Ve =0015 k. kg (=2)* /- b-d

&gd
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Bases of the Critical Shear Crack Theory (instance of shear in members without shear reinf.)

0.50
= 0.40
=
T 030
=
'«U
~ 0.20
NS,
\&7\ 0.10

(b)

| T T
Effective depth

IR R R R R R R R R R R R R R R R R R R R R

l/d=15

\\d=0.275 m y

0.55m
L 1.10 m il
220 m

440m Eq. (1)\
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/ — VE'acs/
E¢ =———

= o/ . 0 - o/ . 0 z:p-b-d-Eg
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6,d/d, 6, d/d,

£ = 0.75 - (k¢ - kg)

b-d

YR _0.75. (100~

Adapted from Cavagnis
etal. 2018

(see also Muttoni and
Simoes, 2023)
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Bases of the Critical Shear Crack Theory (instance of shear in members without shear reinf.)

0.50
= 0.40
=

T 030
=
'«U

~ 0.20
NS,

\&7\ 0.10

p=0.5%:3.0%
|

p=05%:3.0%
| 1

(b)
| T T
Effective depth
IR R R R R R R R R R R R R R R R R R R R R
l/d=15
\\d=0.275 m y
0.55m
n 1.10 m
220 m

0.02

|
0.04

e, d/d,,

0.06 0 0.02 0.04 0.06
e, d/d,
- o E ) f ck ) ddg
Rdc,min Vv fyd d

Rc min

Adapted from Cavagnis
etal. 2018

(see also Muttoni and
Simoes, 2023)

1 V.=0015 k- k- (""‘g) Jfb-d (1)

4.40 m Eq-(l)\ /

S
N Es
d
=0,015k k JoE, G d
f, d z
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Bases of the Critical Shear Crack Theory (instance of shear in members without shear reinf.)
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Refined verification of the shear stress resistance, two levels of refinement

1

V_R_ . . . ddg 3 . . Pr.

— = 0.75 (100 p-fe m) Formula derived analytically from Critical Shear Crack Theory
1

0,66 dys\3
TRdc = W <100P1 * fek -ﬁ) > TRdc,min Formula in prEN 1992-1-1:2023 with some simplifications

d (V/d-acs replaced by d) and after reliability analysis to calibrate

Possibility to increase the resistance by accounting for the shear span

(3) The value of d in Formula (8.27) may be replaced by the mechanical shear span ay, for members
with an effective shear span a.s shorter than 4 d:

a
a, = f d (8.29)

Where a.s is the effective shear span with respect to the control section. For reinforced concrete members
it may be calculated as a function of the internal forces at control section:

= |=Ed] > ¢ (8.30)
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Effect of the axial force on the shear resistance of members without shear reinforcement

__ Vgacgs
gs —
z:p+b-d-Eg
Effect of axial
compressio

TRe \ Effect of

axial tension .
d
Vo= 0015 ke kg - (Z2)*- /- b -d

> i : —
. oW e e
g -d o T 42» d-———
dd ! (4 .
g ! ‘L Force in the reinforcement
' —>
a’ . z(d-h2) _ %
y Ly ) e

Muttoni and Simées, 2023
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Effect of the axial force on the shear resistance of members without shear reinforcement

(4) Inpresence of axial forces Ngq, acting at the control section, the value of d in Formula (8.27) or a, in
Formula (8.29) should be multiplied by coefficient k., according to Formula (8.31):

Ngg
koo =1+
P IVEdI 3 Qg

=01 (8.31)

For an alternative approach for members with compressive
axial forces, see presentation by prof. Pedro Miguel
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Shear in members with shear reinforcement

8.2.3 Members with shear reinforcement

(1) The design of members with shear reinforcement should be based on a compression field
(Figure 8.9). Limiting values for the angle 6 of the inclined compression field in the web are given in (4).

Provisions for inclined shear reinforcement are given in (13).

1 - 2
e e e e e e e Ve
t\—j{y weog] s
NN
3 L oy,

= Model in current EN 1992-1-1:2004 confirmed

= Two levels of refinement

= More consistent model for concentrated loads applied near to supports

INVITED CONFERENCE: Shear and punchin D

A. Muttoni

iladrid, October |7t, 2023

2" generation of Eurocode Z on concrete structure




Shear in members with shear reinforcement, potential models

Models accounting for concrete and steel Models based on limit analysis (B. Thirlimann in
contributions (for instance Modified Zirich and M.P. Nielsen in Copenhagen, adopted in
Compression Field Theory, Collins-Vecchio- fib MC1978 and EN 1992-1-1:2004)
Bentz, Toronto)
Yielding of the shear
reinforcement and
A A crushing of the Crushing of the
compression field / compression field
TR TR i
Steel
contribution
TRC_ -
Concrete
contribution e
Shear reinforcement ratio Shear reinforcement ratio
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Models based on limit analysis: fully consistent with strut and tie models and stress fields

h=400

Bid d)

Bild ¢)

355 355 2302 4700 76 4.52 2828 15, X 2
==

1
! = :
| T
I I | -
g4, s:50=¢4, s:100 i ¢4 s=100 —mmmoe ; m
580 955 253 253 955

3.
Bild h) |

Bide)

55 3585 2!.?2 4700 4076 34.52 2828 2204

Bid f)

Bid g)

Bild k)

Bild 1)

Y Muttoni 1984
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Models based on limit analysis: fully consistent with strut and tie models and stress fields

ng=0 687
18815

=== Kabelachsen
-+~ Resulfierende

‘Schnitt 2-A

2500.

o6
Tragsystem A+
Bild a) Zogstinger = S B
CI) Tragsystem B:
Zugsiringer & Schlaffe
Bewehrurg

Bild q)

Tragsystem A

Tragsystem B

i == <
%_-Z eon ot ey

-ty
Zint

Muttoni 1984
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Shear in members with shear reinforcement, two levels of refinement

* Design of shear reinforcement ...... and verification of the concrete stress in the compression field

TRdsy = Pw * fywd - cotd  py =

= Ist]evel of refinement

v=20,5

(4) The inclination of the compression field in the web carrying shear may be selected within the
following range:

1 < cotf < cotOmin (8.41)

where the cotangent of the minimal inclination of the compression field Oy should be for shear
reinforcement of ductility class B or C:

—  cotfmin = 2,5 for ordinary reinforced members without axial force;

—  COtOmin=3,0 for members subjected to significant axial compressive force (average axial
compressive stress > |3 MPa|) and provided that the depth of the compression chord x determined
from a sectional analysis according to 8.1.1 and 8.1.2 is less than 0,25d. Interpolated values between

2,5 and 3,0 may be adopted for intermediate cases. For very high compressive forces (x > 0,25d),
(11) can apply;

—  €OtOmin=2,5— 0,1 - Nea/|Vea| = 1,0 for members subjected to axial tension.

For shear reinforcement of ductility class A, cotOmin shall be reduced by 20 %.

Ocq = Teq(cotd +tanf) < v - fq

= 2nd Jaye] of refinement

Angles of the compression field inclination lower than 6,,;, or values
of coefficient v higher than 0,5 may be adopted provided that v is
calculated on the basis of the state of strains according to:

1

v= <1,0 rl2
1,0 + 110 - (e, + (g, + 0,001) - cot?6) ~

£3=-0.001
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Shear in members with shear reinforcement, concentrated loads applied near to supports

a1

The general model is not correct (overly conservative) in
case cotf< cotd

T % e" 3

cotf — cotfinel f By <v-f cotf
. . CO . S ’v . ——
1 + cot?6 Pw " Jywd inl 7 + cot?6

;

““——— Direct strut (concrete contribution)

(b)  reinforcement unit TRd =V fod

<\
L Shear reinforcement contribution

-

Pejatovic et al. 2022
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Punching

1 * Formula looks similar as in current

0,6 ddg 3 05 EN 1992-1-1:2004
TRd,czy_'kpb(]-OOpl'fck'_> S_'\/fck
v = What is new?

Formula derived analytically from the general expression of the Critical Shear Crack Theory
(formula in current EN 1992-1-1:2004 was fully empirical)

Several levels of refinement

New definition of control perimeter and size-effect law

Punching of slabs with shear reinforcement (formulae also derived from CSCT)

Refined verification according to CSCT combined with non-linear analysis in Annex |
(assessment of existing structures)
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Punching, new definition of control perimeter

3
: bos < bos = Control perimeter b ; located at a
b ’:—:—:/ bo distance of 0,5d, from the column edge
| SSZECARN G ¢ < LI (more consistent with the general
: i
J /::__I_L model of CSCT and allows for the same
verification of flat slabs and foundation
slabs, no iteration require for the latter)
. * Perimeter b, at the column edge also
N3 —o—— — A A A used in some formulae
= I ; : < S| bo bys < by by
n b‘:z:f[:]:l — ,;:—_—J— | £< [ |l J = Reduction for large columns
\ ) g, * 1-5dv\ -
bys— -7 <5d, . ey
<154, 1 r =154, = Definition for wall ends and wall
L]
a) around large supporting b) around wallend  ¢) around wall d) near opening e) with inserts corners
areas corner
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Punching, definition of shear resisting effective depth d,

i
| <[ 1<l I VAN LIRS
0.5d | | 05d, |}

a) direct support b) hanging support with c) penetration by direct support
penetration

. T

eneration of Eurocode Z on concrete structures / i-ladrid, October |7t 2023

* Reduction of shear resisting effective
depth in case of support with
penetration (typical case of anchored
walls or steel columns with embedded
steel plates)

» Reduction when the column penetrates
into the slab by more than d/20

Muttoni et al.,, 2005

IZI

NVITED CONFERENCE: Shear and punchin
A. Muttoni




Punching, bases of the Critical Shear Crack Theory

* Main assumption of the original model:
opening of the critical shear crack
proportional to y - d (confirmed by
detailed measurements in the
following)

(a)

= This allows to account for the size and
strain effect in a consistent manner

©.= 1 MPa - (£/30 MPa)” * The rotation y can be calculated on the
O 2 3 4 50 0z o0& 05 05 Lo basis of the flexural deformations of the
w-d [mm] d [m]

slab — the punching shear resistance

can be calculated
bo,s d 'fcl/3

T r— = Simplified version accounting for the

size effect implemented in Swiss
standard SIA 162 of 1993

adapted from Muttoni and Schwartz, 1991
(see also Muttoni and Simdes, 2023)
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Punching, bases of the Critical Shear Crack Theory

0.8 T . -
VRE Vi = " p = 2.00% ) . . )

. gy Ve o P = Refined of the failure criterion
st ".!'.:.. ' o= 100% accounting for the aggregate size
< LIS =0.75% . - . . .
Sl Eegy e = Simplified version implemented in

5 - -~.:. b ACI 318-05 ACI 318-05 . .
>§ ot T e Swiss standard of 2003 and in the
B 02k 5; s al N 02 \d"=o.1m(3.94in) ﬁb MC 2010
____________ g p=0.25%
failure criterion ) S d=02m (788 il?)
Foe @) i, iSoemra
0 . L 00 ) “27o-d = 1.6 m (64.0 in) 3
0 0.1 0.2 0.3 0.000 0.020 0.040 0.060 0.080
v-d ¥
dy

_0.75-by5-d- )
115y -d/d,

Muttoni 2003 and Muttoni 2008
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Punching, bases of the Critical Shear Crack Theory

(a) (b) ()

—n— — iy * Refined model by Simoes et al. 2018
v = v final CR of . . .
| V0. imerporon | 7 A | o has shown that the failure criterion can
rincipal : . z ore o
& s o o be expressed by a power law

flexural cracks é
; (aggregate interlock and

i > \ - -+
residual tensile strength) T “deformable “outer portion
T — o g S region of the slab
<" smeared cracking .‘ﬁ J «

4

(concrete crushing) « . .
.:?‘ shear-transfer due to smeared cracking u A Closed_form SOlutlon Can be derlved
(d)
—k i Y ; 2o [ (2)sin (5(2)) + 0, () cos (= ; ; L
T g i st -l e Sl analytically in a similar manner as for
‘ : : . ki i shear-transfer due to localized cracking . .
/ ‘. / , A\ H .. _l I P SO s shear (Muttoni et al. 2018) leading to
i ' & “» & Cracking dowelzaction .
& s b T the new formula for the 2" generation
of EC2 A
g B da 2/3
08 i . —— s —_— d 2 v Voo =055 b0s v ife (25 @ ¢')
=40 MPa; d =16 mm (=40 MPa; dx: 6 mm
0.7F f‘fésoo MPa;s:=(1).IOm 1T /f=500 MPa;sb=(I].10m 1 L = 055 . ( g )3 < kF
= 0.61 powﬂ._hwd:o'zo n::/sz'?,:i’j;: T B power-law #03221;::'):80,3”5:: 7] bo_s'dv'\/ﬁ 25.¢'d o Ve %
% o5 failulrgl f:?'(:friun i ﬂa'lu;?;g"‘ir7 g =VE -2 ' Vﬂex>
._\; 0.4
N
< 02
O TR aod0snane | [ r/d=5719/11 |
%005 0.0 015 020 025 030 0 005 010 0.45 020 025 030 L
yed/d, y-d/d, B

Simoes et al., 2'018
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Punching shear stress 74 according to FprEN 1992-1-1:2023

VEd
Teq = Pe —bo - d = Control perimeter located at 0.5-d, from the column
X v

edge
= Two levels of refinement for coefficient £, which

accounts for a non-constant distribution of shear
forces along the control perimeter

Table 8.3 — Coefficients 5. accounting for concentrations of the shear forces

Support Approximated Refined=
internal columns B=1,15 where e}, = ’eﬁx +el, D. Abu-Salma et al,, 2023
- b
edge columns Be=14 Pe=1+11 b, |wheree, = 0,5|eb‘x| + Ieb,y|
= 1,05
corner columns Be=1,5 where
N ’ ep = 0,27(|eb,x| + |eb'y|)
ends of walls Be=14
corners of walls Be=12
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Punching shear resistance 7zgaccording to FprEN 1992-1-1:2023

1
TrRae = 06 o (100 o1 For ,%)g < 05 N . Form1.11a similar.t.o the one for the shear resistance,
4% dy Yv but with an additional term to account for the effect
of the column size
Possibility to increase * Two levels of refinement for the size and slender
the resistance by effect
accounting for the
shear span

\J

(2) For distances between the centre of the support area and the point of contraflexure in the
considered load combination ap smaller than 8d,, the value of dy in Formula (8.94) may be replaced by:

a
Apd = /?" dy (8.97)

where

ap = JApx - Apy = dy (8.98)
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Punching shear of slabs with shear reinforcement

3 potential failure modes — 3 verifications required

Maximum punching resistance g pax

|

Punching resistance inside the reinforced zone zzq

Punching resistance outside the reinforced zone 7,

»

eneration of Eurocode Z on concrete structures / iladrid, October 7%, 2023
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Maximum punching shear resistance g max

TRd,max = 1sys * TRd,c . H \ T
: 4 1 - : 2L

bO 1/4
Neys = 0,70+ 0,63 (52) = 1,0 for studs 0.5,

b\ /4 . .
Nsys = 0,50 + 0,63 (d—) > 1,0  forlinks and stirrups

Hernandez et al., 2021
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Punching shear resistance 7zq s within the shear reinforced zone

TRd,es = N " TRd,e T s " Pw - fywd 2 Pw 'fywd
where oo !
e = TRd,c
¢ Tga
mac 1S the punching shear stress resistance of slabs without shear reinforcement
according to Formula (8.94).
d da\1/2 1 3/2
Ny = — (1 ﬁ) : <08
150¢w dv Ne - kpb
(a) (b) (©
4 A A . A
Vi O e
e £
Ve /—
VR,c
VR,c,E
AEM/6 T, /o, Vaoe . o
> - < Muttoni and Simoes, 2023
Vee Ve ” v v Ve ”
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Punching outside the shear reinforced zone

Two levels of refinement:

= Direct calculation of the required length of the control
perimeter:

d, 1)\
bO,S,out = bo,s ) d 77_
v,out C

= Explicit verification:

<m0 A
g8 8
control perimeter 838 B
for Section A & nunnr @
NS
’ ?' ....... Tl ™
g TTTT J%=FI 7
’ k e :
I o ° \
L \ |
I
,' ! 1 ‘| calculated — «—————— calculated
S ¢ with d withd  =d
[ i d.n s o
1 1 4 v oul
1 1
) 14 %
‘\ ° o ,’V\ 7 P VM
S P outer control perimeter B E
S (Section D) difference
N control perimeter because v
for Section C d, <d, el
control perimeter >
for Section B Vet Ve, =V Vo2V,

~

1
]T : : 1/ dv,out

“ O.S'dv;l;.:\ bO,S,out
3

/‘
2 2

2 limit of bend

3 level of axis of reinforcement inside
the bend

4 bottom of stud head
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Shear and punching shear according to the Critical Shear Crack
Theory: background, recent developments and integration in codes
Corte e pungoamento de elementos de betdo armado de acordo com a Teoria da Fissura de
Corte Critica: enquadramento histérico, desenvolvimentos recentes e integragéo em normas

Aurelio Muttoni® ©
Jodo Tiago Simdes® ©&

“Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland

ABSTRACT

The revision of a code is a long-term project that shall fulfil several aims, ing the enl of the f-use and incorporating
updated state-of-the-art. With respect to the revision of Eurocode 2 concerning the punching shear provisions, this task allowed also for the
opportunity to enhance the understanding of the code and physical phenomenon by designers. The original EN1992-1-1:2004 punching
provisions were adapted from an empirical equation for design based on the regression analyses performed by Zsutty in the 1960s for shear
in beams and later reworked in Model Code 1990 for punching shear. These expressions did not show any link to the physical response of a
structure, making difficult to designers to clearly understand how to engineer their designs. Instead of continuing with this approach, CEN/
TC250/WG took the decision in 2016 to ground the punching provisions on a mechanical model that could be explained to engineers,
allowing for a transparent understanding of the design equations and phenomena. To that aim, the Critical Shear Crack Theory, already im-
plemented in Model code 2010 at that time, was selected as representative of the state-of-the-art. Following that decision, a large effort has
been performed to implement this theory into the Eurocode, keeping its simplicity of use and generality. This paper is aimed at presenting
the theoretical grounds of the theory as well as the manner in which it is drafted for the future generation of Eurocode 2.

keyworps: Punching, shear, reinforced concrete, slabs, column bases, mechanical model.
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Received 24 February 2023 Abstract: The Critical Shear Crack Theory (CSCT) has been developed since 1985 to assess the shear

Accepted 24 March 2023 resistance of members without shear reinforcement and the punching shear resistance of reinforced concrete
slabs in a rational manner. The mam idea of the CSCT is that the shear resistance is governed by the
development of a critical shear crack, its geometry and its kinematics. Recent shear tests with detailed
measurements have confirmed that the shear force can be carried through the critical shear crack by a
combination of ageregate interlocking. residual tensile strength of conerete, dowel action of the longitudinal

ion of the ion zone and activation of the shear reinforcement crossed by the

critical shear crack if present. On the basis of advanced constitute laws, all these contributions can be
calculated as a function of the crack geometry and its kinematic. Simplifications of the resulting general
formulations have been implemented in several standards including the fib Model Code 2010 and, in its recent
closed-form format, in the second generation of the European Standard for Concrete Structures. The generality
of the models allows accounting fOl sevenal materials and cases, as for instance the presence of axial forces,
fiber d concrete, and designing hening using several tech
This document presents the historical framework of the development of the theory, followed by a short
presentation of its most up-to-date refined models. The derivation of closed-form solutions based on the CSCT
and how it leads to expressions in a format similar to the current European Standard for Conerete Structures
is also discussed. Eventually, for the case of punching, some recent developments are shown in what refers
the capability of the refined mechanical model to capture the relationship between the acting punching load,
the rotation and the shear deformation during loading and at failure.

Keywords: shear, punching shear, mechanical model, codes, levels-of-approximation.

Muttoni and Simoes, 2023

INVITED CONFERENCE: Shear

unchin,
A. Muttoni

IZI




Thank you for your attention

Aurelio Muttoni

. S INVITED CONFERENCE: Shear and punchin, D

*d generation of Eurocode Z on concrete structures / i-ladrid, October 17, A. Muttoni



