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A MATERIAL MODEL FOR FLEXURAL CRACK SIMULATION
IN REINFORCED CONCRETE ELEMENTS USING ABAQUS
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* Faculty of Built Environment and Engineering, Quskand University of Technology, Brisbane, Australia

1 E-mail: buddhi.wahal athantri @student.qut.edu.au

Abstract: This paper presents a material model to simulzde induced cracking in Reinforced Concrete (RC) elésnenABAQUS
finite element package. Two numerical material n@ee used and combined to simulate completesssteasin behaviour of concrete
under compression and tension including damageeptiep. Both numerical techniques used in the ptesaterial model are capable of
developing the stress-strain curves including istsaiftening regimes only using ultimate compressivength of concrete, which is easily
and practically obtainable for many of the existRg@ structures or those to be built. Therefore, tie¢hod proposed in this paper is
valuable in assessing existing RC structures iratie=nce of more detailed test results. The nunhenioeels are slightly modified from
the original versions to be comparable with the aged plasticity model used in ABAQUS. The modeladidated using different
experiment results for RC beam elements presentéaeititerature. The results indicate a good agre¢méth load vs. displacement

curve and observed crack patterns.

Key words: Reinforced concrete, crack, tension stiffening, pmasive stress-strain relationship.

1INTRODUCTION

Reinforced concrete is a complicated material to niedelled

within finite element packages. A proper materialdel in finite

element model should inevitably be capable of megméng both
elastic and plastic behaviour of concrete in cosgon and
tension. The complete compressive behaviour shingldde both

elastic and inelastic behaviour of concrete incigdistrain

softening regimes. Simulation of proper behaviondar tension
should include tension softening, tension stiffgnamd local bond
effects in reinforced concrete elements. Thereftiedevelopment
of a finite element model (FEM) may need intensivaterial

testings to incorporate into the material modeaimy of the finite

element [FE] packages available. There are quitelaumbers of
numerical material models available in the literatwith potential
to develop complete stress-strain curves of coecrér

compression and tension separately based on exgdrirasults.
However, these methods are not directly applicabie the input

format required for the finite element packageser€fore, this
paper presents and modifies two numerical modeds ¢an be
easily adopted with minor changes to the ABAQUS geaekage
(Dassault Systéemes Simulia Corp. [SIMULIA],
Modifications for two stress-strain curves undempoession and
tension are suggested to be used with the damadasiicjty model
in ABAQUS. This material model presented in the papeapable
of representing the formation of cracks and poatking

behaviour of reinforced concrete elements.

Two numerical stress-strain relations and the dahggasticity
model in ABAQUS are briefly discussed in the fissttion. This is
followed by the suggested modifications and congoari with
experiment results on RC beam elements in the faligwections.

2 DEVELOPING THE MATERIAL MODEL

2.1 ABAQUS Damaged Plasticity Model

ABAQUS software (SIMULIA, 2008) provides the capléii of

simulating the damage using either of the threekcraodels for
reinforced concrete elements: (1) Smeared crackretsn model,
(2) Brittle crack concrete model, and (3) Concretenaiged
plasticity model. Out of the three concrete crackdeis, the
concrete damaged plasticity model is selected énpttesent study
as this technique has the potential to represemipl=ie inelastic
behaviour of concrete both in tension and compoessicluding
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2008).

damage characteristics. Further, this is the ordglehwhich can
be used both in ABAQUS/Standard and ABAQUS/Explmitd
thus enable the transfer of results between the fit@refore,
development of a proper damage simulation modehgushe
concrete damaged plasticity model will be usefultifi@ analysis of
reinforced concrete structures under any loadingnhinations
including both static and dynamic loading (“Abadusalysis User
Manual — Abaqus Version 6.8” [Abaqus Manual], 2008)

The concrete damaged plasticity model assumeghbatvo main
failure mechanisms in concrete are the tensilekangcand the
compressive crushing. In this model, the uniaxiahstle and
compressive behaviour is characterized by damalgetiqity.

2.1.1 Tension Stiffening Relationship

In order to simulate the complete tensile behavimureinforced
concrete in ABAQUS, a post failure stress-strairatiehship for
concrete subjected to tension (similar to Fig. &lused which
accounts for tension stiffening, strain-softeniagg reinforcement
(RF) interaction with concrete. To develop this npdser should
input young’'s modulusH), stressd;), cracking strain {fk) values
and the damage parameter valudd for the relevant grade of
concrete. The cracking strairﬁc{() should be calculated from the
total strain using (1) below:

£ = ¢y @
Where,&=q/E , the Elastic strain correspogdo the undamaged
material g, = total tensile strain.
L=
)

Eq

FIGURE 01: Terms for Tension Stiffening Model (Abaaqis Manual, 2008)
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ABAQUS (SIMULIA, 2008) checks the accuracy of damagirve
using the plastic strain valueﬁ”d) calculated as in (2) below.
Negative and/or decreasing tensile plastic straalues are
indicative of incorrect damage curves which mayll&a generate
error massage before the analysis is performed ébdanual,
2008).

dt Ut
1-d) E

2.1.2 Compressive Stress-Strain Relationship

=pl — zck _

t T Ct

@)

To define the stress-strain relatlon of concreseruneeds to enter
the stressess(), inelastic strams@C ) corresponds to stress values,
and damage propertied| with inelastic strains in tabular format.
Therefore, total strain values should be convettethe inelastic
strains using (3):

EN=g —&2 3)
where, £=q/E, ,E2 = Elastic strain corresponding to the
undamaged material and, Total tensile strain. Further,

corrective measures should be taken to ensurehthatiastic strain

values (E ) calculated using (4) are neither negative nor

decreasing with increased stresses. (Abaqus Maz0@8)
d o

c e
(1-d) K
Typical compressive stress-strain relationship wittamage
properties and terms are illustrated in Fig. 02.

=p — min _
c ~ Cc

(4)

Ea

lo-ag,

=3

'—'E"

FIGURE 02: Terms for Compressive Stress-Strain Relionship
(Abaqus Manual, 2008)

2.2 Numerical Model for Tensile Behaviour of Concrete

There are different forms of tension stiffening ratsdpresented in
the literature as reviewed in the paper by Nayal &asheed
(2006). The model developed by Nayal and Rashee@6§23

selected for the present study as it is applicabidoth reinforced
and fibre reinforced concrete with only minor chasgAlso, this
method indicates similarity to the tension stiffeggnimodel that is
needed for ABAQUS concrete damaged plasticity modéis

tension stiffening model was originally based oe llomogenized
stress-strain relationship developed by Gilbert ¥watner (1978)
which accounts for tension stiffening, tension ewiftg and local
bond slip effects. Two descending portions of teesile stress-
strain graph has accurately captured the respoassed by
primary and secondary cracking phenomena (GilbeNVé&rner,

1978). The layered tension stiffening parameteedusy Gilbert

and Warner (1978) is replaced with a single setstiffening

parameters applicable to the entire tensile zon¢éhbyNayal and
Rasheed to avoid the discontinuity in global respofi$ayal &

Rasheed, 2006). The Nayal and Rasheeds’ tensioenatiff model
for reinforced concrete elements is shown in Fig. @hd the
modified tension stiffening model for the presemty is presented
in Fig. 04.
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FIGURE 04: Modified Tension Stiffening Model for ABAQUS

cr

The sudden drop at critical tensile strainfrom maximum tensile
stressoy to 0.8 6y as used by Nayal and Rasheed (2006) and
Gilbert and Warner (1978) is slanted fromy,,(oy) to (1.25¢,
0.770y) to avoid run time errors in ABAQUS material model.
After this point, the stress-strain curve followsaetly the Nayal
and Rasheed (2006) tension stiffening model in Ipoimary and
secondary cracking regions but stopped at ¢g.70.10 gyg) to
avoid ABAQUS run time errors.

2.3Numerical Model for Stress-Strain Curve in

Compression

The complete stress-strain curve for concrete uodeipression is
derived using the experimentally verified numericaéthod by
Hsu and Hsu (1994). This model can be used to dpubk stress-
strain relationship under uni-axial compressiontap0.3 o, of
stress in the descending portion only using the immam
compressive strengtly (). This method is briefly presented in the
below section for the concrete with maximum comgires
strength up to 62 MPa. For other concrete gradeslifioations
should be made by referring to the original papetHbu and Hsu
(1994, p.308). Fig. 05 defines the ultimate comgixesstressd,),
strain ato, (¢0) and the strain corresponding to the stress at .3
in the descending portiorgg. A linear stress-strain relationship
which obey Hooke’s law is assumed up to 50% of uhinate
compressive strengtla) in the ascending portion. The numerical
model by Hsu and Hsu (1994) is used only to cateulhe
compressive stress valueg)(between the yield point (at 04,)
and the 0.3, in the descending portion using (5):

0;: - ( (Ec/go) )JCU

p1+(c/5)’ ©

Infrastructure, Transport and Urban Development



eddBE2011 Proceedings

u  Fmm-m=m—e

Stressp,
o
g
1
1

o
&

cu

€ . &g
Strain,g,

FIGURE 05: Compressive Stress-Strain Relationshipoir ABAQUS

where, the paramet¢which depends on the shape of the stress

strain diagram is derived from (6) and the straipeak stress, is
given by (7):
1
B
1[0, /(&R)]

£,=89x10°0, +211410°

(6)
@)

The initial tangential modulu&, is given by:
E,=1243x1G0,, +3283121F (8)

Note: in the above equations,, oy and E, are in kip/if
(Conversion factor: 1 MPa = 0.145037743 kif)in

of the edges and loaded at centre. The experimzsd Ns.
deflection curve at different loading and unloadietgps are
presented by Peeters et al. (1996). Crack patteédifferent end of
different loading steps are presented in Peetedd. €11996) and
Maeck (2003). This experimental work is simulatadABAQUS

FE package (SIMULIA, 2008) using the above matarialdel for
the validation purposes. The maximum compressivength of
51.2 MPa (Peeters et al., 1996) is used to devsiggss-strain
relations under compression and tension.

3.2Finite Element Modelling of the RC Beam

To develop the FE model of RC beams, smeared regrioent
technique available in ABAQUS is used accounting Emth

flexural and shear RF. The experiment beam consfistsntinuous
longitudinal reinforcement with 31mm cover to thentre of RF
from both top and bottom outer surfaces to enhdheeflexural
strength. Shear links have been provided using 8vans with
15mm clear cover from each of the outer surfacah @D0Omm
spacing. The beam cross section was partitioned &8y. 06 to
represent all the RF layers accurately using smeRFetechnique.
The surfaces 01 and 04 are assigned with RF laye8832mn3

area with 212mm spacing in the corresponding Idgalktion. The
surfaces 02, 03, 04 and 05 are assigned with RFrslagé
50.27mm area with 200mm spacing perpendicular to the tioec
mentioned above to represent the shear RF. All thdalgers are
embedded within the concrete element using embgddithnique
available in ABAQUS (SIMULIA, 2008).

The FE model of RC beam thus consists of two typesaterials
(concrete and reinforcement). The material propertor concrete

Theeg (strain at the 0.3, in the descending portion) is iteratively With 51.2 MPa ultimate compressive strength arevedr using

calculated using (5) when =0.80,,.
2.4 Other Material Properties
2.4.1 Damage Parameters

The tensile damage parametdy,is defined as the ratio of the

cracking strain to the total strain. Similarly, tlempressive

above relationship. Tab. 01 gives the compresgiessstrain the
values including compressive damage properties easelab. 02
gives the tensile stress-strain values with tertklmage properties.
Material for all the reinforcement is treated asebtwith young's

modulus equal to 218 GPa.

The beam is meshed with approximate element site 5@mm x

damage parametet, is defined as the ratio between the inelastico?®mm x 12.5mm in longitudinal, transverse and thésls direction

strain and total strain. If damage parameters atespecified, the
model behaves as a plasticity model.

2.4.2 Stiffness Recovery

Default values for stiffness recovery factors assuaned in the
present study. Therefore, the compressive stiffressvery factor,
w, = 1 is used assuming that compressive stiffnesdully

recovered upon crack closure as the load changes tnsion to
compression and the tensile stiffness recoverpfaet = 0 is used
assuming that tensile stiffness is not recovereith@$oad changes
from compression to tension once crushing of cdedeeinitiated.

2.4.3 Rate dependant data

No attention is paid to the rate dependant datzlwhtcounts for
the strain rate effect. Therefore, in order to dates accurate
response for impact loadings, the parameters shbeldiefined
where relevant.

All other material properties are set to defauluea in ABAQUS
(SIMULIA, 2008).

3 APPLICATION ON FLEXURAL CRACKS

3.1 Three Point Bending Test of a RC Beam

Peeters et al. (1996) and Maeck (2003) have predettie
experiment results of a RC beam tested under thriee lpending.
The 6m long RC beam was supported at 1.2m distanoe dither
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respectively. Mesh convergence study carried ouingus
displacement measurements depicts that the abosé mefiner
enough to obtain a reliable result.

Load vs. displacement values measured at the cefitfee beam
from the experiment results (Peeters et al., 1206) the present
finite element modelling are shown in Fig. 07 & @pectively.

The experimentally obtained crack patterns (Ma26k3) and FE
crack patterns at two loading steps (at 8kN, an#N24are

compared in Fig. 09 & 10. Results indicate that Bie results

using above material model is well matched with éxperiment

results.

< 25C >
4 A =19 Surface !
) 12
200 1 Surface 2
[ g Surface3
|
‘ v Surfaced
\ 4
¢
1¢

FIGURE 06: Cross Section of the RC Beam with RF Sdiaces
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TABLE 01: Compressive Stress-Strain Values for 51.8Pa Concrete

Stress ) N/mm? | Inelastic Strain (&M Damage (d)
2.56E+07 0.00E+00 0.00E+00
3.64E+07 1.00E-04 1.05E-02
4.49E+07 2.81E-04 2.95E-02
4.97E+07 5.87E-04 6.16E-02
5.12E+07 1.01E-03 1.06E-01
4.90E+07 1.76E-03 1.85E-01
4.43E+07 2.60E-03 2.73E-01
3.89E+07 3.46E-03 3.63E-01
3.37E+07 4.31E-03 4.53E-01
2.92E+07 5.14E-03 5.40E-01
2.54E+07 5.95E-03 6.25E-01
2.22E+07 6.74E-03 7.07E-01
1.95E+07 7.51E-03 7.88E-01

TABLE 02: Tensile Stress-Strain Values for 51.2 MP&oncrete
Stress g)N/mm? | Cracking Strain (& ) Damage (q)
2.36E+06 0.00E+0( 0.00E+Q0
1.89E+06 4.07E-05 3.85E-01
9.45E+05 2.93E-04 9.00E-01
2.13E+05 8.07E-04 9.91E-01
40|
30 //
é 2071 ff/;xﬁ
g 7
10 ~ /4
7
N/ /- .
0 10 20

displacement (mm)

FIGURE 07: Experiment Load vs. Displacement (Peeteret al., 1996,
p.1355)

40

30
10 A /
0

0 10 20 30

Point Load at Centre (kN)

Displacement (mm)

FIGURE 08: Finite Element Load vs. Displacement
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Experiment Crack Pattern at 8kN

FEM Crack Pattern at 8kN
FIGURE 09: Crack Patterns for 3 point bending testat 8kN

1
RENTRITTAN T

Experiment Crack Pattern at 32kN

FEM Crack Pattern at 32kN

FIGURE 10: Crack Patterns for 3 point bending testat 32kN

Displacement due to self weight is neglected in. ©i§ to be
comparable with the experiment results presenteBdsters et al.
(1996) as in Fig. 07.

3.3Four Point Bending Test

Fig. 11 compares the crack patterns between expetiend FEM
results of a beam under four point bending tesh wiaterial and
cross section properties similar to the above beEm. beam is
supported at 0.15m and 5.85m and loaded at 2.0n#&md from
the left end of the beam with 4kN point loads (Mae2003).

3.4Un-symmetric Support and Loading Arrangement

To check the validity of the FEM, un-symmetric sapgpand

loading arrangement used in the experiment worklbgck (2003)
is used. In this test arrangement, the beam iscstgpat 2.1m and
5.9m from the left edge and loaded with point ladd13kN at

4.0m from the left edge of the beam. The experins FEM

crack patterns are compared in Fig. 12 below.

¥ ¥

I | S (1 A OGN VO A B MW
O . ' [AY

Experiment Crack Pattern at 4kN
FEM Crack Pattern at 4kN

FIGURE 11: Crack Patterns for 4 point bending testat 4kN

L
O i A

Experiment Crack Pattern at 13kN

FEM Crack Pattern at 13kN

FIGURE 12: Crack Patterns for at 4kN with un-symmetic supports
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(Note: Experiment Load vs. displacement values were not
reported for the four points bending test and un-symmetric
support and loading arrangements. Therefore, only crack
patterns were compared for above last two cases.)

3.5 Simply Supported Beams with Uniformly Distributed
Loads

Experimentally measured initial and long term detflans for 15
RC beams are presented by Neville, Dilger and Brob883) with

different concrete grades, reinforcement ratios, mmember sizes.

This is taken as a valuable source for the preBEM validation.

The moment values tabulated in the original documare

converted to uniformly distributed load values amplied to the
relevant FEMs. Out of 15 beams, first five beamseweodelled in
ABAQUS using the above material model. Tab. 03 shdie

section properties including dimensions, effectivdepths,

reinforcement areas, and ultimate compressive gitisrrecorded
(Neville et al, 1983). Tab.04 compares the expentaigy obtained
results with present FE results for the initialldetion values. The
long term deflection values measured in the exparinsetup are
neglected as it is out of scope in present studye Heam
designations are shown as in the original docur(idatille et al,

1983), and all other notations are explained atetie of Tab.04.
The ratios between FEM and experiment displacemanst

indications of validity of the present material rebébr concrete in
both tension and compression.

TABLE 03: First Five Beams (Neville et al, 1983)

Beam Al-A4 | B1-B4 | C1-C4| D1-D4| E1-E4
Designation

6., (MPa) | 28.1 23.6 227 24.3 25.2
L (m) 6.096 | 6.096 | 6.340| 3.810| 5.334
b (mm) 203 152 305 305 305

h (mm) 305 203 127 127 76
d=d' (mm) | 48 46 25 25 17

M (kNm) 25.65 | 7.25 6.01 6.07 1.98
As (mm?) 852 400 516 516 284
A (mm?) | 852 400 516 516 284

TABLE 04: Comparison of Experiment and FEM Displacenent Values

Beam Experiment FEM arem/Bexp
Designation Displacement | Displacement
Bexp (mm) arEm (mm)

Al-A4 13.5 13.1 0.97
B1-B4 234 23.0 0.98
Cil-C4 40.1 39.4 0.98
D1-D4 12.0 11.4 0.95
E1-E4 59.4 57.6 0.97

Notations used in Tab. 03 and 04:

o = Maximum compressive strength in concrete,

L = Span of the simply supported RC beam,

b = Width, h = Total depth,

d, d’ = Effective depths to the compressive anditemeinforcement,
M = Moment at mid span caused by uniformly distrézliload,

As = Area of tensile reinforcement,

As = Area of compressive reinforcement.
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4 CONCLUSIONS

This paper presents a material model which carsbd to simulate
the non-linear behaviour of reinforced concretemelets. The
material model needs only the maximum compresdrength of

the concrete, and utilise two numerical technicoederive stress-
strain curves both at compression and tension dirojusoftening
regimes. Necessary modifications are suggestedet@bove two
numerical techniques to be applicable with ABAQU&Maged
plasticity model to simulate damage in RC structure$his

material model is validated using experiment rasaltailable in
the literature with different material and struetuarrangements.
Result section indicates that both displacementaaadk patterns
obtained from FEM are well matched with the expenresults.
Therefore, the above material model minimise thelmer of tests
needed to develop an accurate material model isifRBlation.

The numerical technique used to develop the sbias:

relationship for tensile region is acceptable fothbreinforced and
fibre reinforced concrete as reported by Nayal Radheed (2006,
p.835). Though, the present study focus only omfoeted

concrete elements, the similarity in the tensidffesing model

may enable to adopt the present material model \iibhe

reinforced concrete as well with minor parameti@amges. The
stress-strain relation is capable of accuratelyesmting the strain
softening regime as proven by Hsu and Hsu (199306),

enabling to accurately simulate damage caused hycrete

crushing. Thus the material model presented camapptied for

both reinforced and fibre reinforced concrete eletisi¢o simulate
or assess the damage due to both tensile crackidgcancrete
crushing. This paper verifies the accuracy of tt@ppsed material
model using experiment results for reinforced ceterelements
subjected to flexural loading and tensile cracking.
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