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Shear,	verification	procedure

for	linear	
members

for	planar	
members

→ Detailed	verification	of	the	shear	resistance	may	be	omitted

→ shear	reinforcement	is	not	required

→ shear	reinforcement	shall	be	designed

tRdc,min

tRdc

Failure	of	the	inclined	compression	field

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

§ 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)

ddg =	16	mm	+	Dlower£ 40	mm																			for	(fck £ 60	MPa)	or
ddg =	16	mm	+	Dlower (60/fck)2£ 40	mm			for	(fck > 60	MPa)	
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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

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

Adapted	from	Cavagnis et	al.	2018

Measurement	results	by	Muttoni	1985	and	
Cavagnis 2015

Original		cardboard	
model	by	Muttoni,	1985
(see	Muttoni	and	
Simões,	2023)

Þ The	shear	resistance	depends	on:
§ Strain	in	the	longitudinal	reinforcement
§ Effective	depth
§ 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.)

Adapted	from	Muttoni	2003

Swiss	Code	for	concrete	
structures,	2003
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Bases	of	the	Critical	Shear	Crack	Theory	(instance	of	shear	in	members	without	shear	reinf.)

Adapted	from	Cavagnis
et	al.	2018
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Bases	of	the	Critical	Shear	Crack	Theory	(instance	of	shear	in	members	without	shear	reinf.)

Adapted	from	Cavagnis
et	al.	2018
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Bases	of	the	Critical	Shear	Crack	Theory	(instance	of	shear	in	members	without	shear	reinf.)

Adapted	from	Cavagnis
et	al.	2018
(see	also	Muttoni	and	
Simões,	2023)
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Bases	of	the	Critical	Shear	Crack	Theory	(instance	of	shear	in	members	without	shear	reinf.)

Adapted	from	Cavagnis
et	al.	2018
(see	also	Muttoni	and	
Simões,	2023)
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Bases	of	the	Critical	Shear	Crack	Theory	(instance	of	shear	in	members	without	shear	reinf.)

Muttoni	and	Simões,	2023
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Refined	verification	of	the	shear	stress	resistance,	two	levels	of	refinement

Formula	derived	analytically	from	Critical	Shear	Crack	Theory

Formula	in	prEN 1992-1-1:2023	with	some	simplifications												
(													replaced	by	d)	and	after	reliability	analysis	to	calibrate	gV

Possibility	to	increase	the	resistance	by	accounting	for	the	shear	span
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Effect	of	the	axial	force	on	the	shear	resistance	of	members	without	shear	reinforcement

s

dg

d
d
e ×

Rct Effect	of	
axial	tension

Effect	of	axial	
compression

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

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

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

§ Two	levels	of	refinement

§ More	consistent	model	for	concentrated	loads	applied	near	to	supports
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Shear	in	members	with	shear	reinforcement,	potential	models

Models	accounting	for	concrete	and	steel	
contributions	(for	instance	Modified	
Compression	Field	Theory,	Collins-Vecchio-
Bentz,	Toronto)

Models	based	on	limit	analysis	(B.	Thürlimann in	
Zürich	and	M.P.	Nielsen	in	Copenhagen,	adopted	in	
fibMC1978	and	EN	1992-1-1:2004)

Rct

Shear	reinforcement	ratio

Steel	
contribution

Concrete	
contribution

Rt

Rct

Shear	reinforcement	ratio

Rt

Crushing	of	the	
compression	field

Yielding	of	the	shear	
reinforcement and
crushing	of	the	
compression	field

q

=	

q m
in

q =
	45
°
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Models	based	on	limit	analysis:	fully	consistent	with	strut	and	tie	models	and	stress	fields

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

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

§ 1st level	of	refinement § 2nd level	of	refinement

Angles	of	the	compression	field	inclination	lower	than	θmin or	values	
of	coefficient	ν	higher	than	0,5	may	be	adopted	provided	that	ν	is	
calculated	on	the	basis	of	the	state	of	strains	according	to:
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Shear	in	members	with	shear	reinforcement,	concentrated	loads	applied	near	to	supports

The	general	model	is	not	correct	(overly	conservative)	in	
case	cotb <	cotq

Exact	solution	according	to	the	stress	field	method

Pejatovic	et	al.	2022

Direct	strut	(concrete	contribution)

Shear	reinforcement	contribution
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Punching

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

§ 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	I
(assessment	of	existing	structures)
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Punching,	new	definition	of	control	perimeter

§ Control	perimeter	b0,5 located	at	a	
distance	of	0,5dv from	the	column	edge	
(more	consistent	with	the	general	
model	of	CSCT	and	allows	for	the	same	
verification	of	flat	slabs	and	foundation	
slabs,	no	iteration	require	for	the	latter)

§ Perimeter	b0 at	the	column	edge	also	
used	in	some	formulae

§ Reduction	for	large	columns

§ Definition	for	wall	ends	and	wall	
corners
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Punching,	definition	of	shear	resisting	effective	depth	dv

§ 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
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Punching,	bases	of	the	Critical	Shear	Crack	Theory

adapted	from	Muttoni	and	Schwartz,	1991	
(see	also	Muttoni	and	Simões,	2023)

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

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

§ The	rotation	y can	be	calculated	on	the	
basis	of	the	flexural	deformations	of	the	
slab	→ the	punching	shear	resistance	
can	be	calculated

§ Simplified	version	accounting for	the	
size	effect	implemented	in	Swiss	
standard	SIA	162	of	1993

( )

1 3
0,5

21 4mm
c

R

b d f
V

dy

× ×
=

+ ×
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Punching,	bases	of	the	Critical	Shear	Crack	Theory

Muttoni	2003	and	Muttoni	2008

§ Refined	of	the	failure	criterion	
accounting	for	the	aggregate	size

§ Simplified	version	implemented	in	
Swiss	standard	of	2003	and	in	the							
fibMC	2010

1 2
0,50.75

1 15
c

R
dg

b d f
V

d dy
× × ×

=
+ × ×

dg

d
d
y ×
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Punching,	bases	of	the	Critical	Shear	Crack	Theory

§ Refined	model	by	Simões et	al.	2018	
has	shown	that	the	failure	criterion	can	
be	expressed	by	a	power	law	

§ A	closed-form	solution	can	be	derived	
analytically	in	a	similar	manner	as	for	
shear	(Muttoni	et	al.	2018)	leading	to	
the	new	formula	for	the	2nd generation	
of	EC2

Simões et	al.,	2018
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Punching	shear	stress	tEd according	to	FprEN 1992-1-1:2023

§ Control	perimeter	located	at	0.5·dv from	the	column	
edge

§ Two	levels	of	refinement	for	coefficient	bewhich	
accounts	for	a	non-constant	distribution	of	shear	
forces	along	the	control	perimeter

D.	Abu-Salma	et	al.,	2023
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Punching	shear	resistance	tRdaccording	to	FprEN 1992-1-1:2023

§ Formula	similar	to	the	one	for	the	shear	resistance,	
but	with	an	additional	term	to	account	for	the	effect	
of	the	column	size

§ Two	levels	of	refinement	for	the	size	and	slender	
effect

Possibility	to	increase	
the	resistance	by	
accounting	for	the	
shear	span
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Punching	shear	of	slabs	with	shear	reinforcement

3	potential	failure	modes	→ 3	verifications	required

Maximum	punching	resistance	tRd,max

Punching	resistance	inside	the	reinforced	zone	tRd,cs

Punching	resistance	outside	the	reinforced	zone	tRd,c
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Maximum	punching	shear	resistance	tRd,max

0.5·dv
b0,5

Hernández	et	al.,	2021
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Punching	shear	resistance	tRd,swithin	the	shear	reinforced	zone

0.5·dv
b0,5

0.5·dv,out
b0,5,s

Muttoni	and	Simões,	2023
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Punching	outside	the	shear	reinforced	zone

b0,5,out0.5·dv,out

dv,out

2	limit	of	bend	
3	level	of	axis	of	reinforcement	inside	
the	bend
4	bottom	of	stud	head

Muttoni	and	Simões,	2023

Two	levels	of	refinement:

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

§ Explicit	verification:
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References	related	to	the	Critical	Shear	Crack	Theory	for	punching	in	FprEN 1992-1-1:2023

Muttoni	and	Simões,	2023Muttoni	et	al.,	2023
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Thank you for your attention

Aurelio Muttoni
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