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Articles	•	.	org/10.1590/1679-78251890	copy	Juárez-Luna	G.	Tena-Colunga	A.	Ayala	G.	This	article	investigates	the	cracking	process	of	reinforced	concrete	slabs	submitted	to	vertical	load,	involving	its	crack	pattern	and	the	load	displacement	capacity	curve.	The	concrete	was	discrete	with	finite	hexahedral	elements	with	discontinuities	embedded;
while	the	steel	reinforcement	was	represented	by	3D	bar	elements,	placed	along	the	edges	of	the	solid	elements,	both	types	of	elements	have	three	degrees	of	freedom	per	node.	The	concrete's	constitutive	behavior	considers	the	deformation	of	softening	after	reaching	a	fault	surface,	while	the	hardening	of	the	reinforcement	steel	is	represented	by	an
independent	1D-rate	plasticity	model	with	isotropic	hardening.	The	coupling	of	solid	finite	elements	and	bar	was	validated	with	a	reinforced	concrete	slab	reported	in	the	literature;	two	other	slabs	were	also	investigated	showing	their	cracking	patters	at	the	top	and	bottom	surface.	Keywords:	Slabs;	disgruntled;	damage;	reinforced	concrete	The	study
of	the	breakdown	of	concrete	elements	is	a	topic	of	interest	in	engineering;	particularly,	the	determination	of	the	first	crack	load	and	the	crack	pattern.	It	is	known	that	the	concrete	force	under	compression	is	10	to	20	times	greater	than	the	force	under	tension,	as	shown	by	the	experimental	results	reported	by	(Kupfer	and	Gerstle	1973Kupfer,	H.B.,
Gerstle,	K.H.	(1973).	Concrete	behavior	under	biaxial	tension,	ASCE	Journal	of	Engineering	Mechanics	99	(4):	853-866.).	On	the	way	to	the	collapse	of	reinforced	concrete	elements,	its	behavior	at	the	beginning	is	approximately	linear	elastic;	then	cracking	occurs.	Then	the	crushing	appears	and	finally	the	plasticity	in	the	reinforcement	of	the	steel
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(1975).	Non-linear	analysis	of	CR	shells	in	the	general	form,	ASCE	Journal	of	the	Structural	Division	101	(3):	523-238.),	(Wang	et	al.	2013wang,	Y.,	Dong,	Y.,	Zhou	G.	(2013).	Non-linear	numerical	modeling	of	bidirectional	reinforced	concrete	slabs	submitted	to	fire,	Computers	&	Structures	119	(1):	23-36.)	Among	others,	most	of	them	used	the	stained
crack	model.	There	are	some	commercial	software	to	model	reinforced	concrete	elements	such	as	Abaqus	(Abaqus	2011abaqus	(2011).	Example	of	Manual	Problems,	Volumen1:	Static	and	dynamic	analysis,	version	6.11,	USA,	p.881.),	ANSYS	(ANSYS	2010SYS.	(2010)	ANSYS	User	Manual	Version	13.0,	Ansys,	Inc.,	Canonsburg,	Pennsylvania,	USA.),
Diana	(Diana	2008diana	(2008).	Diana	9.0:	Analysis	of	Finite	Analysis	Kabele	et	al.	2010kabele,	P.,	Cervenka,	V.,	Cervenka,	J.	(2010).	Athena	Documentation	Program.	Example	Manual,	Athena	Engineering,	p.	90.),	NLFEAS	(Smadi	and	Belakhdar	2007smadi,	M.M.,	Belakhdar,	K.A.	(2007).	Development	of	finite	element	code	for	analysis	of	reinforced
concrete	slabs,	Jordan	Journal	of	Civil	Engineering	1	(2):	202-219.),	among	others.	These	software	mainly	use	the	finite	element	method	with	the	pattern	of	spotted	joints	for	the	concrete	behavior,	equipped	with	a	fault	surface	with	a	different	threshold	value	in	the	tension	and	compression,	necessary	to	determine	the	first	load	of	joints	and	the
propagation	of	joints.	However,	the	stained	crack	model	may	have	numerical	stress	blocking	problems	and	spurious	kinemic	modes	(ROTS	1988Rots,	J.G.	(1988).	Computational	modeling	of	concrete	fracture,	dissertation,	Delft	University	of	Technology,	Netherlands,	p.132.),	which	can	be	overcome	with	shear	retention	factors	ovon	mU	.)1002(	.J.L
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dna	livic	fo	This	model	is	equipped	with	softening	after	reaching	the	ultimate	tensile	strength,	Tut,	or	the	ultimate	compressive	strength,	Tuc,	shown	in	Figure	3b.	This	model	is	defined	by	the	following	equations:	where	​Ã¦Â	is	the	discrete	free	energy	density,	T	is	the	traction	vector.	The	damage	variable	w	is	defined	in	terms	of	the	hardening/softening
variable	which	is	dependent	on	the	hardening/softening	parameter.	The	damage	multiplier	determines	the	loading-unloading	conditions,	the	function	f(T,	),	bounds	the	elastic	domain	defining	the	damage	surface	in	the	tractions	space.	The	tangent	constitutive	equation,	in	terms	of	rates	from	the	model	in	Eq.	(26),	is:	where	is	the	tangent	constitutive
operator,	relating	the	traction	and	the	displacement	jump	of	the	nonlinear	loading	interval,	which	is	defined	by	and	for	the	elastic	loading	and	unloading	interval	(	=	0	and	=	0):	Figure	3	1D	discrete	damage	model	with	softening:	a)	elastic	space	and	b)	traction-displacement	jump	curve.	This	constitutive	model	considers	a	material	fictitious
interpenetration,	[|u|]c,	when	Tuc	is	overcome.	Because	of	the	energy	dissipation	in	compression	takes	place	over	a	surface,	rather	than	within	a	volume,	the	use	of	a	fictitious	interpenetration	instead	of	a	strain	is	justified	(Carpinteri	et	al.	2010Carpinteri,	A.,	Carrado,	M.,	Paggi	M.	(2010).	An	integrated	cohesive/overlapping	crack	model	for	the
analysis	of	flexural	cracking	and	crushing	in	RC	beams,	International	Journal	of	Fracture	161:161-173.).	In	this	model,	it	is	assumed	that	both	post-peak	regimes,	tension	and	compression,	have	decreasing	functions	with	the	same	slope,	EH,	as	ca	be	seen	in	Figure	3b.	The	area	under	the	traction	versus	jump	displacement	curve	represents	the	fracture
energy	density,	Gf	,	in	the	first	quadrant	of	Figure	3b,	i.e.:	where	[|u|]	is	the	critical	value	of	the	crack	opening,	which	is	given	by:	Substituting	Eq.	(31)	into	Eq.	(30)	and	solving	for	EH,	the	slope	of	decreasing	function	under	tension	is	given	by:	considering	that	the	area	under	the	compression	versus	the	displacement	curve	of	fictitious	jump
interpenetration	represents	the	overwhelming	energy	density,	gc	,	in	the	third	quadrant	of	figure	3b,	then	the	fictitious	critical	value	of	the	interpenetration	can	be	computed	as:	substitute	eq.	(34)	in	eq.	3.2	steel	a	1d	independent	plasticity	model	with	isotropic	hardening	was	oated	to	model	steel	reinforcement.	this	model	has	the	same	threshold
value	in	tension	and	compression,	as	shown	in	figure	4a;	the	hardening	of	steel	reinforcement,	after	reaching	the	σy	yield	stress,	was	considered	with	an	idealized	bilinear	function	as	shown	in	figure	4b.	the	model	of	plasticity	is	defined	by	the	following	equations:	where	.	is	the	density	of	free	energy,	σ	is	the	stress	tensor.	the	plastic	variable	α	is
defined	in	terms	of	the	hardening	variable	h.	the	plastic	multiplier	λ	determines	the	loading	discharge	conditions,	the	function	f(σ,σy	links	the	elastic	domain	that	defines	the	plastic	surface	in	the	stress	space.	the	tangent	constitutive	equation,	in	terms	of	model	rates	in	eq.	(38,)	is:	where	the	tc	is	the	tangent	constitutive	operator,	relating	the	stresses
and	tension	of	the	non-linear	load	interval,	defined	by	and	for	the	load	interval	and	elastic	discharge	(	=	0	and	=	0:)	figure	4	model	of	self-independent	plasticity	of	1d	rate	with	isotropic	hardening:	a)	elastic	space	and	b)	strain	curve.	4	annexes	numbers	in	the	examples	presented,	the	reinforcement	was	mixed	with	finite	linear	3d	elements	with	two
nodes,	which	have	three	degrees	of	freedom	each.	the	constituentDeilppa	yllanretxe	Htiw	Sbals	Etercnoc	Decrofnier	Fo	htgners	Laruxelf	,w	,Elbmag	,.a.m	Nezos	,.g.a	,Malorig0791	.La	sdaol	morf	detpadpada(sdaolig0791	.2=H	Suludom	Gnindrah	DNA	Apm	59.033=Yâ
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