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SELECTED ASPECTS OF COMPUTER MODELING
OF REINFORCED CONCRETE STRUCTURES

M. SZCZECINA', A. WINNICKI®

The paper presents some important aspects concerning material constants of concrete and stages of modeling
of reinforced concrete structures. The problems taken into account are: a choice of proper material model for
concrete, establishing of compressive and tensile behavior of concrete and establishing the values of dilation
angle, fracture energy and relaxation time for concrete. Proper values of material constants are fixed in simple
compression and tension tests. The effectiveness and correctness of applied model is checked on the example
of reinforced concrete frame corners under opening bending moment. Calculations are performed in Abaqus

software using Concrete Damaged Plasticity model of concrete.

Keywords: concrete damaged plasticity, Abaqus, frame corners, opening bending moment, dilation angle,
relaxation time.

1. INTRODUCTION

Modeling of reinforced concrete structures can be divided into some steps. The first one is a choice
of a proper material model, defined in chosen FEM software. The most popular material models
are:

— concrete damaged plasticity (CDP),

—  brittle cracking,

— smeared cracking.
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Authors of this paper decided to analyze some aspects concerning CDP model implemented
in Abaqus [1] software. This model was theoretically described by Lubliner et al. [7] and demands
a correct definition of some important material constants and material behavior. Nevertheless, using
CDP model one is able to gain very realistic results even for complex stress and strain states in “D”
(disturbance) regions of reinforced concrete structures. The first step is a definition
of o—¢ relationship for reinforcement steel and compressive behavior of concrete. These definitions
can be easy performed according to Eurocode 2 [3] or FIB Model Code [9].

The definition of c—¢ relationship for tension behavior of concrete is more complicated. Authors
of this paper decided to introduce a bilinear relationship and the maximal strain in concrete
is defined with fracture energy Gy This material constant was evaluated according to FIB Model
Code [9]. Because FEM model was divided into parts which have different size of a finite element,
the “fracture energy trick” was performed. According to Szarlinski, Winnicki and Podles$ [8] for

linear softening in order to obtain mesh independent results the maximal strain can be defined as:

G,
En =
0.54f,

(1.1)

where:

a — size of a finite element, f; — maximal stress in tension.

For the CDP model the plastic flow is nonassociated and therefore according to [1] an Abaqus user
should define dilation angle y separately. There are some suggestions of value of this angle, for
example 49 degrees [5] or 38 degrees [4]. In general, there is no agreement concerning the proper
value of this parameter and in the majority of papers its value is taken a priori without physical
motivation. Authors of this paper suggest to perform a compression test to establish a proper value
of y. This test is described in Section 2. To improve the convergence of the nonlinear problem
in Abaqus it is possible to use the visco-plastic model which takes into account the viscous
properties of concrete. For that Duvaut-Lions' viscoplastic model is used [2]. The regularization

is expressed using formula:

.l 1
(1.2) g0 =—(e" —&!")
M
where:
&M — viscoplastic strain of concrete, "' — plastic strain in concrete without viscosity, p — relaxation

time.
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The value of relaxation time should be defined by Abaqus user. Some proposed values of this
parameters are from 0.000085 to 0.0001 [4]. To establish a proper value of this parameter authors

suggest to perform tension test, described in Section 2.

2. CALIBRATION OF SELECTED PARAMETERS

Two crucial parameters of CDP model, namely the dilation angle and relaxation time were
established with compression test (dilation angle) and tension test (relaxation time). These simple
tests were performed in Abaqus [1] and the results were compared with well known experimental

results of Kupfer [6] and Wolinski [11].

2.1. COMPRESSION TEST

Both uniaxial and biaxial compression tests were performed. The compressed specimen was a disc
of dimensions 200x200x50mm which was modeled with 3D finite elements. All properties of the
specimen were the same as in Kupfer’s experimental tests [6]. The boundary conditions for biaxial
test are presented in the Fig. 1. Top and right surfaces of specimen were displaced and the other

were pinned. In uniaxial compression only the top surface was displaced.

Fig. 1. Boundary conditions for specimen in compression test
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To establish the proper value of dilation angle [J, the graphs of volumetric strain vs linear strain
in the direction of the larger compressive stress was prepared. The graphs are presented in the Fig. 2
and 3. It is easy to observe that the higher values of dilation angle cause a positive volumetric
strains much larger than those observed in experiment. Therefore the preferable values of dilation

angle are between 5 and 15 degrees.

2.2. TENSION TEST

The tension test was also performed in Abaqus and the specimen properties were the same
as in Wolinski’s experimental research [11]. Dimensions and boundary conditions of specimen are
presented in the Fig. 4. The right edge of the specimen was displaced. Tests were carried out for

different values of relaxation time, namely 0, 0.0001, 0.001 and 0.01 s.
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Fig. 4. Specimen for tension test

To establish proper value of relaxation time, the relationship between edge displacement
and summary reaction in this edge was examined. This relationship is presented in the Fig. 5.
Importantly, the higher values of relaxation time cause an artificial response of tensioned concrete.
The curves for relaxation time 0.001 and 0.01 have both asymptotic segment and yet the most
proper behaviour of concrete is for relaxation time equal 0. Therefore, if the viscoplastic properties
of concrete have to be turned on due to assure better convergence of numerical process,
the recommended value of relaxation time is 0.0001 s, because in this case the curve after reaching

peak is decreasing anyway.
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Fig. 5. Results gained in tension test

3. RESULTS OF CALCULATIONS OF SAMPLE STRUCTURES

The sample calculations using CDP model and calibrated parameters were performed for reinforced
concrete corners under opening bending moment. The corners taken for calculations differ with
reinforcement patterns and have common geometry and material properties. All corners are made
of concrete C40/50 and reinforced with steel BSOOSP. The material constants are:

— concrete: f, =34.30 MPa, E.=35 GPa, v=0.167,

— steel: f, = 434.8 MPa, E~200 GPa, v=0.3.
The geometry of corners (dimensions in mm) and the reinforcement patterns taken into

consideration are shown in the Fig. 6.
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Fig. 6. Geometry and reinforcement patterns of analysed corners

Each corner is loaded with an opening bending moment M=30 kNm modeled as a pair of 250 kN

forces and a distance between them as 12 cm. The reinforcement of corner was chosen according

to the Strut-and-Tie method. Provided reinforcement for all analyzed corners is listed in the Table 1.

Table 1. Reinforcement of analyzed corners

DETAIL
NUMBER SCHEME 3
110
1 ST T Main reinforcement: 4 bars, each g20mm
_,_,_._2 Main reinforcement: 4 bars, each g20mm,
2 |
S diagonal stirrups: 2 bars each ¢l6mm
:DI? Main reinforcement: 4 bars, each g20mm,
3 L
\ _— diagonal stirrups: 2 central bars each ¢16mm, rest: ¢12mm
Main reinforcement: 4 bars, each ¢20mm,
4 diagonal stirrups: 2 central bars each ¢16mm, rest: ¢12mm
diagonal bars: 2 bars each ¢12mm
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Main reinforcement in the beam and column consists of two top and two bottom bars. Distance
between the center of gravity of the main reinforcement and the edge of the beam and column
section is 4 cm. The corners were modeled as 2D element in plane stress state, divided into 4-node
finite elements. The cooperation of reinforced steel and concrete is ensured with constraints, called
"embedded region" (full bond of steel and concrete). Rebars were divided in 1D beam elements;
the size of one element is 5 mm. The calculations were made in the Implicit algorithm (Newton-
Raphson method with increasing load) assuming the minimum increment equal to 10 and
a maximum of 0.05. The maximum load parameter A=2 applied in this calculations denotes that the
program completes the calculation when there is no convergence of the nonlinear problem, or when
it reaches twice the programmed load (30kNm).
The fracture energy Gy is assumed as 146.5 J/m®. The dilation angle is 15 degrees and the relaxation
time is input as 0.0001 s.
The calculations were performed in Abaqus [1] software. The chosen results of calculations are
listed below:

— equivalent plastic strain in tension (PEEQT), which recreates crack pattern,

— vertical nodal displacement (Fig. 7) of a chosen node vs load parameter A.

Fig. 7. Direction of displacement of a chosen node

The results of the PEEQT for all reinforcement details are presented in the Fig. 8. It is clear that
the use of at least one diagonal stirrup causes a smaller propagation of cracks than for the first detail

which contains neither diagonal stirrups nor diagonal bars.
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Fig. 8. Equivalent plastic strain in tension for all reinforcement details
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The relationship between load parameter and nodal displacement is presented in the Fig. 9. As we
can see, the stiffness and the load parameter values for corners with stirrups are higher than for
detail with no additional reinforcement. The gained results allow to say that the use of at least one
diagonal stirrup is very recommendable. The use diagonal stirrups and bars for a better control
of crack propagation is compatible with Eurocode 2 recommendations [3]. Moreover, the use of
CDP model the assumed values of dilation angle and relaxation time returns very realistic results.

All the curves in the Fig. 9 have characteristic horizontal segment, so called plateau.

4. CONCLUSIONS

The presented results allow to formulate following conclusions:

— a proper choice of dilation angle and relaxation time is important task while modeling
reinforced concrete structures using CDP model,

— these parameters should be calibrated in tension test (relaxation time) and compression test
(dilation angle),

— the following values: dilation angle between 5 and 15 degrees and relaxation time equal
0.0001 s allow to gain realistic results for corners under opening bending moment,

— simulations show that an improper choice of CDP model parameters leads to an artificial
and nonphysical behavior of concrete on the level of material point as compared with
experimental results of Kupfer [6] and Wolinski [11],

— if these parameters are improperly chosen and do not reproduce the behavior of concrete
onthe level of material point, one should not expect that the parameters reproduce
properties of concrete at macroscale,

— a proper choice of dilation angle is important because a wrong value of y leads
to overestimation of volumetric strains,

— in turn, overestimation of volumetric strains in plane strain state can produce artificial
increase of bearing capacity of the whole structure (similar phenomenon was also observed
in soil mechanics [10]),

— too high value of relaxation time leads to damage in diffuse form which is contrary
to concrete properties (it was observed by authors for patterns of equivalent plastic strain in

the case of tension test described in Section 2.2.).
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WYBRANE ASPEKTY KOMPUTEROWEGO MODELOWANIA KONSTRUKCJI ZELBETOWYCH

Stowa kluczowe: model plastyczny z kontynualnym uszkodzeniem, ABAQUS, naroza ram, moment otwierajacy, kat
dylatancji, czas relaksacji.

STRESZCZENIE:

W artykule skupiono si¢ na kilku istotnych krokach modelowania konstrukcji zelbetowych przy uzyciu
oprogramowania w Metodzie Elementéw Skoniczonych. Wszystkie kroki modelowania, ktére musi wykonac¢
uzytkownik programu sg zestawione w ponizszej liscie:

—  wybdr wlasciwego modelu materiatowego,

— ustalenie zwigzkow migdzy naprezeniami i odksztatceniami dla stali i betonu,

— podjecie decyzji czy zostanie zastosowana regularyzacja, np. przez uwzglednienie lepkich wlasnosci betonu,

—  wybdr whasciwych statych materialowych dla przyj¢tego modelu, m.in. kata dylatancji i czasu relaksacji,

— definicja geometrii modelu, obciazen i warunkow brzegowych,

—  definicja wspélpracy stali z betonem,

— wybdr rodzaju elementow skonczonych oraz stanu analizy (np. plaski stan naprezen lub plaski stan

odksztatcen) oraz siatkowanie modelu,

—  dobor wlasciwych parametrow MES, np. wielkosci przyrostu, kryteriéw zbieznosci itd.,

—  oraz ostatecznie — obliczenia.
Pierwszym krokiem analizy jest, jak wspomniano, dobér wlasciwego modelu materiatowego, zaimplementowanego
w wybranym oprogramowaniu. Najbardziej popularnymi modelami sg:

— model plastyczny z kontynualnym uszkodzeniem (ang. Concrete Damaged Plasticity, CDP),

— model kruchego pekania,

—  model z rysami rozmytymi.
Autorzy referatu zdecydowali si¢ na przedstawienie kilku wybranych aspektow modelowania za pomoca modelu CDP
w programie MES Abaqus. Model ten pozwala osiggna¢ realistyczne wyniki nawet dla zlozonych stanéw naprezen
w tak zwanych regionach ,,D” konstrukcji zelbetowych, czyli we fragmentach, gdzie nie jest spelnione zatozenie
Bernoulliego.
Pierwszym krokiem analizy konstrukcji zelbetowych jest definicja zwigzkéw migdzy naprezeniem a odksztatceniem dla
stali zbrojeniowej oraz osobno dla betonu $ciskanego i rozciaganego. Pierwsze dwa zwiazki sa latwe do ustalenia
np.: zgodnie z Eurokodem 2. Znacznie bardziej skomplikowane jest zadanie poprawnego zwiazku naprgzenia
i odksztatcenia dla betonu rozcigganego. Autorzy referatu zdecydowali si¢ na wprowadzenie bilingowego zwigzku oraz
zdefiniowali maksymalne odksztatcenia w betonie przy uzyciu energii kruchego pgkania Gy Ta stata materialowa
zostata ustalona wg zalecen FIB, a w modelu zastosowano zabieg popularnie znany w literaturze zagranicznej jako
,,fracture energy trick”.
W modelu CDP obowigzuje niestowarzyszone prawo plynigcia, a wigc kat dylatancji y powinien zostaé osobno
zdefiniowany. Autorzy tego referatu postanowili przeprowadzi¢ test $ciskania aby ustali¢ wtasciwa warto$¢ kata .
W modelu CDP w Abaqus jest rowniez mozliwe uzycie regularyzacji np. przy uzyciu modelu lepkoplatycznego, ktéry
wymaga zdefiniowania przez uzytkownika czasu relaksacji. Whasciwa warto$¢ tego czasu autorzy referatu postanowili

ustali¢ warto$¢ tego parametru w probie rozciagania.
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Testy numeryczne zostaly wykonane w Abaqus a wyniki zostaly pordwnane z powszechnie znanymi badaniami
eksperymentalnymi Kupfera i Wolinskiego. W tescie $ciskania przeprowadzono proby sciskania jedno- i dwuosiowego.
Probka poddang $ciskaniu byta ptyta zamodelowana w MES elementami przestrzennymi. Aby ustali¢ wlasciwa warto$é
kata dylatancji sporzadzono wykresy odksztalcei wolumetrycznych w zaleznosci od odksztalcen liniowych.
Zaobserwowano, ze wysokie wartosci kata dylatancji powoduja dodatnie wartosci odksztalcen wolumetrycznych
wigksze niz obserwowane w doswiadczeniu. Stad wlasciwe wartosci kata dylatancji mieszcza si¢ miedzy 5 a 15 stopni.
Test rozciggania roéwniez zostal przeprowadzony w Abaqus, a wilasnosci probki byly identyczne jak w badaniach
laboratoryjnych Wolinskiego. Obliczenia zostaty przeprowadzone przy nastgpujacych wartosciach czasu relaksacji:
0,0.0001, 0.001 oraz 0.01 s. Aby ustali¢ whasciwa warto$¢ tego czasu, sporzadzono wykres sumarycznej reakcji na
krawedzi probki do przemieszczenia tej krawedzi. Wysokie wartosci czasu relaksacji powodowaty nienaturalng
odpowiedz betonu pod obciazeniem. Dlatego tez rekomendowana wartoscia czasu relaksacji jest 0.0001 s.
Efektywno$¢ i poprawnosé zastosowanego modelu zostata sprawdzona na przyktadzie analizy narozy ram zelbetowych
poddanych dziataniu momentu otwierajacego. Naroza rozwazane w referacie r6znig si¢ jedynie doborem dodatkowego
zbrojenia w postaci pretow ukosnych lub strzemion uko$nych. Obcigzenie kazdego wezta momentem otwierajacym
zostato zamodelowane parg sit. Zbrojenie dobrano przy uzyciu metody Strut-and-Tie. Prety zbrojenia gtéwnego miaty
$rednicg 20mm, za$ strzemiona i prety ukosne 12mm lub 16mm zaleznie od detalu zbrojenia. Wspolpraca stali
z betonem zostata zdefiniowana jako petna przyczepnos¢. Prety zbrojeniowe zamodelowano jako elementy belkowe,
natomiast beton zostal zamodelowany elementami czworokatnymi 2D. Obliczenia przeprowadzono w programie
Abaqus z uzyciem modelu CDP. Energie kruchego pekania przyjeto jako 146.5 J/m?, kat dylatancji zdefiniowano jako
rowny 15 stopni, zas czas relaksacji wynosit 0.0001 s. W pracy zaprezentowano nastgpujace wyniki obliczen:

— ekwiwalentne odksztatcenia plastyczne przy rozciaganiu (PEEQT), ktore pozwalaja ustali¢ obraz zarysowania,

—  zalezno$¢ przemieszczenia wybranego wezla od parametru obcigzenia A.
Wyniki obliczen w Abaqus potwierdzaja, ze zastosowane wartosci kata dylatancji i czasu relaksacji zapewniaja
uzyskanie realistycznej odpowiedzi betonu zbrojonego. Zwiazek migdzy przemieszczeniem wezla a parametrem
obcigzenia posiada charakterystyczny poziomy odcinek (plateau) za§ obraz zarysowania narozy jest podobny
do obserwowanego w badaniach laboratoryjnych. Co wigcej, dzigki analizie w programie Abaqus mozliwe byly
do sformutowania zalecenia dotyczace zbrojenia narozy pod dzialaniem momentu otwierajacego. Ustalono mianowicie,
ze uzycie przynajmniej jednego strzemiona uko$nego znacznie polepsza mechaniczne wlasciwosci naroza — jego
sztywnos¢, wspotczynnik efektywnosci oraz zmniejsza szerokos¢ rys i zasigg ich propagacji i sa zgodne z sugestiami
zawartymi w EC2.
Uzyskane rezultaty pozwalaja na sformutowanie nastgpujacych wnioskow:

— istotnym zagadnieniem podczas modelowania konstrukcji zelbetowych z uzyciem modelu CDP jest wlasciwy

dobor kata dylatacji i czasu relaksacji,
— parametry te nalezy dobiera¢ na podstawie przeprowadzonych prostych testow $ciskania i rozciggania
na szczeblu punktu materialnego,
— nastepujace wartosci: kata dylatancji migdzy 5 a 15 stopni oraz czasu relaksacji 0.0001 s pozwalaja uzyskaé

realistyczne wyniki podczas numerycznych symulacji konstrukeji zelbetowych.



