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The objective of this paper is presenting a newedkdimensional
nonlinear elastic damage theory for simulating fenced concrete
elements. More attention was devoted for simulathghe nonlinear
behaviour of the reinforced concrete beams withnope based on
rigorous thermodynamic basis. The new developedrdiieal approach
takes into consideration the nonlinear elastic bebar and the
deteriorated state of the concrete materials. Hinathe introduced
nonlinear concrete model is verified by various eugal simulation of
experiments carried out in order to analyze thepmsed behaviour of
reinforced concrete beams under monotonic statiditog. A comparison
with experimental results available in literature performed in order to
validate the proposed model. A very good agreemastachieved.
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1. INTRODUCTION and BACKGROUND

The behaviour of reinforced concrete element dep@mdthe combined action of the
concrete (damaged state and the mechanical pregeritis embedded reinforcement
and the features of the element (existing openjrags)vell. Hardened concrete itself,
predominantly a mixture of aggregates and a cemmmmdi matrix, exhibits rather
complicated deformation behaviour, mainly becau$eindgiation and growth of
microcracking in the matrix.
Cementitious materials like concrete are charadriby a nonlinear response with
different strength in compression and tension. &rtipular, experimental results
showed that these materials present brittle bebhavia tension and inelastic
deformations accompanied by damage effects in cessn. The crucial point of the
study of the mechanical behaviour of cementitiduscéures is the definition of proper
constitutive law and of a suitable model ableé¢produce the s tructural response of
9
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reinforced concrete elements. Constitutive modetscbncrete exist on very different
guality levels. The most advanced structural coofepractice offer mainly elastic
behaviour, without any mechanical specification. tB& other (research) extreme, we
find highly sophisticated constitutive attemptshwiéw relations to engineering design
practice. Obviously in constitutive modeling of cogte, an elastoplastic modelling has
to be combined with damage state. Hence the key hane is introducing a 3-
dimensional nonlinear elastic damage description niéchanical responses of
reinforced concrete, supplemented by a damage pance

Nowadays, many reinforced concrete structures,icogatly industrial and office
buildings require a large number of mechanicalaitesions and pipelines for heating,
ventilation, air conditioning....etc. One of the mostiventional ways to perform these
installations is to create openings in the webshef beams. Previous analyzing for
reinforced concrete beams with openings, basidadlyed on simplified methods to
calculate fairly accurate values of straining awdidor dimensioning and detailing of
beams with openings. Among this literature, Mohafigdonsidered a rigid frame in
the plane of the beam consisting of the parts simgicthe openings and totally fixed in
the remainder of the beam. The solution is basetth®@mssumption that plain sections
normal to the centerline of the beam remain plaid aormal to it after bending.
Nasseret al. [2] treated the problem of rectangular openingshm web of the beam
considering the top and bottom chords of the ogetarbehave similar to the chords of
a vierendeel panel. In their study, they assumatlttte cross members provided with
adequate stirrups carry the external shear in ptiopoto their cross-sectional areas.
Also, they assumed that the cross members of theings have contra flexure points
at mid-span when they are not subjected to trassviemads. Hamdy [3] studied the
behaviour of R.C beams with end rectangular openiite used the finite element
method to determine the elastic deformations aedintternal stresses. The obtained
results from the analytical solution were verifexperimentally. From the test results,
he concluded that the provision of end rectangafaning in the shear zone of R.C
beams increases the deflection, reduced the cackmd ultimate loads, changes
completely the distribution of the stresses inghd of the beam and changes the mode
of failure. Also, he concluded that as the operiigension increases, the central
deflection and the elastic stress also increashie whe opening location along the
beam axis has no effect. Nassf al. [4], studied the effect of end opening in
rectangular. The test results showed that, rectangyenings with fillet corners and
diagonal steel bars improved the crack distribudoound the corners of the openings
and increased the shear strength of the beamsyresarbl to those corresponding to
beams without openings. Mansost al. [5], proposed a theoretical method for
predicting surface load deflections of R.C beans ttontain a large web openings.
The author assumed that the connecting cord menabberseplaced by an equivalent
continuous medium and the beam can be consider@dtagctural member comprising
a number of uniform segments. In 2003, Mousdaal. [6] have introduced
experimental and two dimensional numerical invesitgns for R.C. deep beams with
and without openings. It has been concluded thaptlesence of openings affects the
behaviour, shear and flexural capacities and stinei§i reinforced concrete deep
beams. This effect depends mainly on the sizetitotand distribution of openings.
Finally, it is worth to mention that, it was noteahpted in these methods to obtain the
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exact stresses around the openings or evaluatdtitmate stresses corresponding
to the failure state.

Finite Element Methods (FEM) based on local analybieories such as fracture
mechanics suffer from strong mesh-dependency. Alseas observed that the so-
called size effect of structures cannot be simdldig local models. The reason for
these difficulties lies in the fact that materiatgdadation during the lifetime of

structures is governed by physical mechanisms weeldewith different length scale,

(macro- and meso- or microlevel). Generally, lamadlysis is mainly concerned with

evaluatingthe stress field at specific locatigngespective of the geometry or loading
conditions. But this definition does not considee tmutual influences of randomly

distributed cracks which become significant wheaicks coalescence and are finally
forming macrocracks and faults. Consequently l@alysis is not convenient for

predicting, describing and analyzing of R.C. beantls various dramatic changes such
as creating web openings, distributed cracks wiffierént scales...etc, because of the
wide range of modes of failure that can be produswetkr various loading conditions.

In the framework of continuum damage mechanicderint models, which account
not only for the damage effects but also for thelastic deformations have been
proposed in literature. Among the models which tak® account the nonlinear
behaviour; Abu-Lebdelet al. [7] formulated a plastic-damage model for concrete
under cyclic loading, adopting a bounding surfamecept. Luccionét al.[8] proposed

a thermodynamically consistent plastic and damagelem based on the classical
plasticity theory and isotropic damage theory. Boriet al. [9] developed a
thermodynamically consistent elastoplastic-damagedeal)y which considers the
coupling between the plasticity and damage intemaalables. Madkour [10] has
introduced a 3-D thermodynamic damage-plastic théar plain concrete taking into
account the plastic history of the material anddfiaggering influence between damage
evolution and plastic phenomena. Moreover, anipatratiffness degradation and
inelastic deformations are taken into account.

2. SCOPE

The mechanical properties and stress-strain respohseinforced concrete elements
are mainly related to the micro defects in theitetinal structure. The nonlinear
behaviour of such materials depends mainly on théaiion, evolution and

coalescence of microcracks. The energy imparteaigolid during loading process in
an isothermal process is either stored as elastim£nergy or dissipated through one
of several permanent mechanisms or the micro straictearrangement. The short-
term deformation and failure of concrete is govdrig the evolution of cracks at
microscopic and macroscopic level. The energy itegladuring the nucleation and
growth of microcracks and coalescence into macobsraas been described with the
help of continuum damage mechani@SDM). CDM can overcome the numerical
difficulties associated with the application of FEMased on local theories. The
framework of continuum damage mechanics has beodirced based on various
theories such athermodynamics of irreversible processes, the inalestate variable

theory and relevant physical consideratiofssich as the assumption of distributed
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microcracks, homogenization concept, the definitimih micromechanical damage
variable, the kinetic law of damage growth, nonlodamage characterization and
plasticity-damage coupling mechanism).

Therefore, in order to avoid modelling of localipat bands or surfaces as weak or
strong discontinuities, or to avoid enhancementsday-local kinematics, the use of
damage mechanics will be introduced through themework. Consequently, in this
paper a ‘strain-based’ damage model for reinforcedcrete will be derived. The
presented theory considers the nonlinear behadodrthe gradual degradation of the
elastic stiffness caused by the existing damagat stndnucleation and growth of
microcracks The appropriate choice of expression for the Helm free-energy
function is presented here. Based on this funa@ioonlinear constitutive equation and
the evolution law for the damage state variable lbarderived based on irreversible
thermodynamics in order to analyze of the nonliregraviour of plain concrete. The
predictions of the model are compared againstxperénental data under uniaxial and
biaxial compression loading. Validity of the propdsapproach will be expanded
through investigating the effect of rectangular walenings in the end zones of
rectangular R.C. beams on their ultimate loadingyosg capacity, deformation and
stresses when subjected to static loading.

3. NONLINEAR ELASTIC-DAMAGE THEORY

It has been concluded that, non-linear finite elenanalysis provides a useful tool in
understanding the behaviour of R.C. beams with iogsnand gives more realistic
results than the linear analysis regarding concsetesses, distribution of forces in
steel bars, cracks and deformations [6]. Hence ptlesent article introduces a new
theory taking into account the damage phenomenahtla@ elasticity in nonlinear

regime with complete neglecting the plastic flowotigh the whole loading path.

The fundamental framework of the presented conrsefite ‘strain-based’ nonlinear
elastic damage theory. The model is based on diamaidifications of the damage-
plastic coupled theory presented in [10, 11], thiéitbe able to accurately reproduce
the behaviour of reinforced concrete elements. d&ssithe new model takes into
account the specific characteristics of the dilatetl response of concrete.

The starting point is modifying and developing a#lidholz-free energy function and

the definition of internal thermodynamical variable consider both, nonlinear elastic
deformations and stiffness reduction. The basiaraptions of the new theory are:

» The material is assumed to exhibit completely eldskfailure,

The plastic response of a damaged material undeaghlied stress is absent,

» Concrete is a stable material that the hardenihgWweur is only under consideration
with the recent work,

The initial nonlinear behaviour is assumed to comeaefrom the beginning of the

loading bath,

» The main source of the nonlinearity is the stiffndegradation with further loading,
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» The damage threshold is based on the accumulatedr@gions and hence, the
damage surface will be basically affected by thelinear elastic deformations.

The damage variable used in the recent work igahsorial representation as in [10].
One of the basic assumptions in the presented hewryt is thatthe elastic matrix
only depends on the current active damage ten3dwerefore, development of
microcracks modifies the elastic properties of thaterial. Hence, the proposed
elasticity tensor will be considered as a one-patamdamage-dependent elasticity
tensor by tensorial algebra and thermodynamic remqénts [11], as

D=Agq + KRy +44) (1)

The function(ﬂIj includes the active damage stdt2and a material constarifto
reflect the degree of the damage influence on timeall¥ix and has been proposed, as

@ =9 —mflu. -(1- m)QQO. O<sm=1 @

DijkI is the fourth-order elastic ant] // are Lame’s constants for virgin material.
4. HELMHOLZ FREE-ENERGY FUNCTION

The new proposed Helmholz free-energy functldh as a thermodynamic potential,
has been developed to be convex function of akkadble and internal variables and
will be divided intoelastic potential functionanddissipative partas follows:

WY = LIJed —L|J”ed—l.|Jd"a 3)
The term W refers to the elastic strain energy stored inrtegerial during the
loading process. The thermodynamic elastic damawienergywed [12] could be

quadratic in strain tensa and in active damage ten&ar, as:

~

‘Ped—ig D, € 4
_2ij * Mkt Cx (4)

This term has been adopted by most researchersarithus damaged elasticity matrix
expressions.

W characterizes the new nonlinear Elastic-Damagentiatdunction, and will refer
to the strain energy dissipated in the materiainduthe loading process, as well as to

produce the nonlinear relation between the thermanhyc conjugate forcdR and the
active damage variabl€ , as:

ne l S
W zggij :[)ijkl - ()
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Dragon et al. [13] stated that itv the vicinity of zero strain, for the irreversibl
damaged materials, one may expect non-zero residtralss component to be
generated. Inversely, for zero-stress, residuahistrhas been expected due to
roughness and blocking on microcrack lipgfurthermore, this dilatancy term in the
free-energy function has been based on the positirgn tensor to represent the
damage growth which is depending on the hydroststiess to characterize the
splitting mode in the level of free-energy functidg], as

dlla — G Q gk| (6)

ukl
where G is a material constant relevant to damage-induesitiual stresseE’kI is

the fourth-order transformation tensor.

Substitution from Eqns. (4, 5 and 6) in Eqn. (8)e new developed postulated
Helmholz free-energy functiomill be

1 1 ~ .
l-IJ(g’ Q) =§£ij ukl Ekl : [)Ijk| :“‘[;m :gml —Gg I:;kl :le ()

j
Total strain€ is defined as for the damaged materials and adtiveage variablg) :

4.1. The Constitutive Relation

The constitutive equation and the kinetic equationis be derived by means of the
well-established thermodynamic principles of irneigle processes. Clausius-Duhem
inequality requires the dissipation rate to be a non-negative quantitfhe rate of
energy dissipated will be derived, as

-Y>0 (8)
Hence, the new constitutive relation can be esthbd, as
o =Dy *& ~ Dy " Em 1 Em —G-R 1Qy 9)

! 65

The previous stress-strain formulation has theitgbtio simulate the nonlinear
behaviour through the nonlinear elastic relationg the formation of the splitting-like
cracks by the introduced dilatation concept, as.wel

4.2. Thermodynamic Damage Conjugate Force

In Eqgn. (7), a new general free-energy function besn developed including active
damage tensor and the total deformations. The gatguforce is uniquely determined
by the corresponding free-energy function. Henke, thermodynamic damage force
will be dependent on both active damage state hadonlinear deformations. The

second-order symmetric tensRj of the damage conjugate force will be derived, as
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aned OLIJ ned OLIJ dila
+ +

R =-0%/0Q, =-— - - (10)
00, 30, a0
R =(A+2u)[& :q N 16 —& ¢ :N g, 15, | a
+G.R} 1§,
0 100, =-[m+20-ma ]=—nN (12)

j j

5. DISSIPATIVE POTENTIAL SURFACE

According to irreversible thermodynamic theory élamaged materials, the evolutions
of the internal variables are specified by a detsgm potential surface defined in the
space of the driving forces conjugated to theseriat variables [14]. The postulated
potential surface which governs the direction afsghative fluxes consists of the

damage surfacd:d which is basically dependent on the thermodynad@mage
force that is mainlgerived from active damage tensor and the nonlimedormations
responseHence, in the proposed model, the developmendiaofage is dependent on
both the current damage state and nonlinear defmnnsaand the damage surface will
be defined, as

F'=5"[ R R+ Q). t(R]-(§+a (13

whereSd is a material constant for controlling the damagefese size and%

represents the initial threshold of the damage wian. The form of the damage
surface presented in Eqn. (13) is similar to thecion used in [15]. The new model
differs from other approaches, not in presentingea formulation for the damage
surface, butin the new formulation of thermodynamic damage wgsie force
including both the damage and nonlinear strain aptcWith the help of the proposed
potential damage surface, the following loadingoeg can be distinguished, as:
Initial Elastic regime: within the elastic loading process, there is ramdge
propagation of the microcracks. Consequently, tatenal can behave elastically.

F'-§<0 = F'<§ (14)

Subsequent Nonlinear damage regime: with a further loading process, an initial
damage surface will be developed, and the micr&sradl evolve

Fd> S (15)

Therefore, the evolution of initial flaws will bectvated when the condition of
damaging is met.

6. DAMAGE EVOLUTION PROCESS

Most observations from experimental investigatiodspicted thatthe damage
evolution is accompanied by the developing of @astrain and yield zone in the
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material [16]. In the recent work, the plastic responsa ofamaged material under the
applied stress is completely absent for simplicitye damage direction and growth are
properly described by a damage dissipation surfaogressed in terms of the
thermodynamic conjugate force. So the growth of atgerinternal variable will be, as

Q, =dz'0F'/0R (16)

The new proposed model will use the concepihiinsic timeto introduce the damage
evolution law based othe total strain historyjnstead of the classical consistency
condition, which is automatically satisfied in tliase. The definition of the intrinsic

time Zd which is postulated, as
dz' =d&/ f; f:1+,8£+%,852 (17)

where f is a nonlinear hardening function azﬁj is the intrinsic measure, and it will
be defined in the strain space according to the@mdnic theory [17], as

dfz‘dq‘:,/ de de; e =¢ -1/3.9,5, (18)

Therefore, in the proposed model, the damage tblg$tas been formulated basically
on the total deformation history.

7. Numerical Examples

The present damage model represents the microcveithi®m a homogeneous matrix
ignoring the differences in the elastic moduli betw the aggregate pieces and mortar.
Hence, without resorting to the multi-phase mixttmeories and models, the proposed
damage model characterizes the anisotropy natucerufrete due to the initiation and
evolution of the microcracks. In the developed nicaé modelling, Isoparametric
Quadratic element (20 nodes element) have been tossunulate concrete in three
dimensional regime; which I$QS element in FINAL language [18], as in Fig. 1.

Figure 1: IPQS element (for Concrete)

In the following sections, some numerical examg@lpglying the developed numerical
model are presented. Such examples have been ctwosemonstrate the ability and
limitations of the new presented model to simuatperimental results for the three-
dimensional fields under various loading conditions



THREE-DIMENSIONAL MODELLING FOR REINFORCED...17

7.1. Uniaxial Compression Loading Case

A numerical uniaxial compression test has beenopméd to indicate the main
properties of the introduced damage model. The mahtis assumed to be initially
undamaged. The simulation process has been cauteasing standard cube 200 mm
sides. Fig. 2 presents a comparison between thenmcahand the experimental results
conducted by Kupfeet al.[19] as a stress-strain relation. With this congmar with
the experimentally stress-strain curve, it becoot@sously that, the peak stress and
the corresponding strain are fairly estimated. @&si the ascending branch up to the
peak point shows good agreement. The correlationthef nhumerical data and
experimental results turns out to be very good exgent, proving the validity of the
developed model.

7.2. Biaxial Compression Loading Case

It is appropriate to incorporate the damage process models characterizing the
response of plain concrete to variable case ofihgad herefore, a biaxial numerical
test has been performed for the same standard2fbenm sides. The numerical test
has been preceded for the equal biaxial stressdath stresses and strains at the
point under the applied load have been compareld iperimental results which
provided by kupfeet al.[19], in Fig. 3.

1.2

|
|
: :
o24-- & --——- R L] & Experimental Results|
| |
| | —e— Numerical Results
| | T
| |

0 0.0005 0.001 ain 0.0015 0.002 0.0025

Figure 2: Stress-Uniaxial Strain Relation for UrniégdxCompression Loading
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Strain

Figure 3: Stress-Uniaxial strain relation for babdompression loading

It becomes obvious that the peak stress and iteesmonding strain are slightly
overestimated numerically than that obtained erpemtally (about 8 % increase).
However, the ascending branch up to the peak psimws good agreement.
Consequently, the correlation of the analyticaladahd test data turns out to be
considerably satisfied to be applied for plain cete

8. APPLICATION TO R.C BEAMS WITH RECTANGULAR OPENINGS

To evaluate the new model behaviour for complexcoete element model under
loading conditions, numerical tests have been nfadsimple supported reinforced
concrete beams without and with rectangular openargl their dimensions, as shown
in Fig. 4, and Fig. 5, respectively. The numericakstigations have been performed
with monotonically increasing vertical loading pess on the top surface of the
specimen. Table [1] lists the dimensions of thdowsr R.C. beams and the resulting
ultimate loads and modes of failure for each beAfhthe beams have the same
reinforcement details®16 as main reinforcement and20 as top reinforcement.

Through numerical investigation, perfect contact baen assumed between concrete
and reinforcement steel and the finite element usedconcrete is Isoparametric
Quadratic element (20 nodes element), as shownign I While the numerical
modelling for steel reinforcement has been intreduas an elastic bar element (2
nodes element), which BEAM 2 element in FINAL language [18], as in Fig. 6.
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Figure 4: Schematically diagram for simple supmb&elid Beam E1
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Figure 5: Schematically diagram for simple supmbBeams E2 : E5
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Figure 6: Beam 2 element (for Steel reinforcement)
Table 1: Details of tested R.C. Beams
No | SPan| Depth) & Ho Exp. | Num. Failure
El 300 28 SOLID BEAM 9 9.85 Flexure
E2 300 28 60 8 3.8 4.1 Corner Cracking
E3 300 28 60 10 3.0 3.22]  Corner Crackjng
E4 300 28 60 12 2.2 2.3 Corner Cracking
ES 300 28 60 14 1.685 1.77/  Corner Cracking
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Numerical results are compared with the observexpamse data for the tested
reinforced concrete beams test conducted by [3f Tdiation between load and
vertical displacement at the mid-span point of beams for both numerical and
experimental tests are plotted in Figs. 7 to 11.

12

& Experimental Results
—e— Numeriacal Results ||
I I I

1 1
0 25 5 7.5 10 125 15 17.5 20
Deflection (mm)

Figure 7: Load-Vertical deflection curve for simglepported beam E1
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Figure 8: Load-Vertical deflection curve for simglgpported beam E2
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& Experimental Results||

—e— Numerical Results

0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25
Deflection (mm)
Figure 9: Load-Vertical deflection curve for simglgpported beam E3

The correlation between the numerical results dred available experimental data
obtained from the Load-Deflection relationships wed the ability of the new

proposed theory to predict and describe the varieatires of the R.C. beams with
different opening heights (i.e. the ultimate loadnlinear behaviour, increasing the
maximum deflection with increasing the opening heignd decreasing the ultimate
load with increasing the opening height). It is thoto mention that the maximum
difference between in predicting the ultimate legs about 10-12 %, as shown in Fig.
12 which shows the comparison between the numeaiwhkexperimental results for the
ultimate loads for the corresponding beams.

25

24 e SRR
P
45 I:IIHc
8,. Ho= 12cm A
-g L .= 60cm,
31 .
| |
| |
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| |
0.5
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|
|
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|
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0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25
Deflection (mm)

Figure 10: Load-Vertical deflection curve for sim@upported beam E4
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Load-Vertical deflection curve for sim@upported beam E5
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Figure 12: Ultimate Load-Opening Height curve

The increase in maximum deflection at the bottonthef reinforced concrete beams
with the increase of the opening height for experital and numerical results are, as
shown in Fig. 13. The comparison indicates theabsa in numerical results about 8%
than that obtained experimentally. The numeric8ieddnces in ultimate loads and
maximum deflections may be due to the increas@idity of R.C. beams because of
the perfect contact simulation between concretereimforcement steel.
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Figure 13: Maximum Central Deflection-Opening Heighrve

The figures from 14 to 18 show the damage propagati the X-direction (the
longitudinal axis of the beangnd the corresponding stress distributions at dieré
state for the solid beams (E1) and for the R.Ciseaith rectangular openings (E2 to
E5) which monitoring the ability of the new thedoyrepresent the deterioration state

of the beams.

067 0 43505
053 0.36E+05
040 0 255405
027 0146405
013 0.27E+04
0.00E+00 -DB3E+04
-020E405

S

. E_
A3 ar

Figure 14: Damage and Stress distributions ford¥®é&am E1 (at % of the max. load)
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Figure 15: Damage and Stress distributions for B&2am E2 (at 90 % of failure load)
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Figure 16: Damage and Stress distributions for Beam E3 (at 70 % of failure load)
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Figure 17: Damage and Stress distributions for Bg&am E4 (at 90 % of failure load)
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Figure 18: Damage and Stress distributions for B€am E5 (at 90 % of failure load)
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In agreement with the experimental results docuetknn [3], the failure of

Beam EL1 the cracks were initiated at the bottorrfitsubjected to high tensile stresses
in the maximum moment region and propagates upwédiols beams E2 to E5, the
cracks were completely different. Such cracks weiteated at the nearest corners to
the support and the loading points. And the promtimeode of failure of these beams
is corner cracking.

9. CONCLUSIONS

» The new theory for nonlinear elastic - damage belawas introduced to simulate
the nonlinearity of the deteriorated concrete s$tm@s. The developed theory
presents a rational constitutive model that comsitlee staggering process between
nonlinear behaviour and damage evolution and otled and dissipated energies in
terms of the internal state variables based omersgble thermodynamics.

* From the test results, it is easy to conclude thatprovision of end rectangular
opening in the shear zone of R.C beams increasesddfiection, reduced the
cracking and ultimate loads, changes completelyistgibution of the stresses in the
end of the beam and changes the mode of failureghwk in agreement with the
experimental results of [3],

» The correlation of the analytical data and testadatns out to be very good
agreement, proving the validity of the new preséntedel. The application to
simple concrete elements (standard cube and sisygported beams) shows the
great importance of this theory as a predictind foowide range of plain concrete
and reinforced concrete beams with and without wysn

» The 3-D damage model is capable of describing titely nonlinear elastic-damage
behaviour for plain concrete and reinforced comgras well more than the linear
methods, as concluded in [6].

» Eventually, application of the developed model hasn implemented to relatively
simple loading conditions and opening dimensiorsndé, it is necessary to extend
the model for more complex loading conditions apdrong features, as well.
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