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Abstract. The methodology for identification of mechanical characteristics of the nonlinear material
model for concrete, taking into account the elastic-plastic deformation and the damage accumulation
under monotonous and cyclic loading, is proposed. The using such improved models of concrete
deformation is actual for carrying out finite-element computations of the most important elements of
unique and responsible buildings and structures. The proposed methodology is verified for three different
types of concrete (B45, B25, B5), including also their preliminary heat treatment at 200 °C, 300 °C,
400 °C and 600 °C. The experiments were carried out on standard specimens of cubic and prismatic form
under compression, as well as on dog-bone-shaped specimens under tension. Elasticity and plasticity
moduli, ultimate strengths in compression and tension, damage evolutions during deformation process
were obtained in tests. Particular attention has been paid to the search for reliable and effective methods
for determining damage based on cyclic deformation curves in the pre-peak and after-peak loading
regimes. Comparison of simulation results with experimental data under monotonic and cyclic
compression demonstrates a good agreement for regular and for overheated concrete.

AHHOTauusA. lpeanoxeHa MeToaMka WOEHTUMKALUM MEXAHUYECKMX XapaKTepuUCTUK Moaenmu
Heynpyroro gedopmupoBaHns 6eToHa, yuuTbiBalOWas ynpyro-nnactmyeckoe AedopMyMpoBaHue u
HaKOMNIeHne MOBPEXOEHUA NMPU MOHOTOHHOM U LIMKITMYECKOM HarpyxeHuun. Mcnonb3oBaHne nogobHbIX
YTOYHEHHbIX Mogenen AedopmupoBaHus 6eTOHa akTyanbHO MpPU NPOBEAEHUU KOHEYHO-3NEMEHTHbIX
pacyeToB Hambonee OTBETCTBEHHbIX Y3MOB YHMKANbHbIX 34aHMA W COOpPYXeHuh. MeToaumka
BepucmumpoBaHa Anst Tpex pas3nuuyHbix copToB 6GeToHa (B45, B25, B5), Bknovawowux Tawkke Wnx
npenBapuTenbHYO TepmMuyeckyto obpaboTky npu 200 °C, 300 °C, 400 °C n 600 °C. JkcnepuMMEHTHI
BbIMOMHANNCE Ha CTaHAAPTHBLIX KybOuyecknx u npuamatudeckux obpasuax npu cxaTum, a Takke Ha
obpasuax-BocbMepkax MNpu pacTsbkeHun. B npouecce wuaeHTUMKaUMM ONpeaensnuck ynpyrme u
nnacTuyeckme Mogyrm, XapakTepuUCTUKU NPOYHOCTM MPU CKaTUM M PacTsKeHUU, a Takke 3aBMCMMOCTU
XapakTepusytoLmne npoLecc HakonmeHns NoBpeXaeHnn ¢ pocTom nnactudecknx gedpopmauun. Ocoboe
BHUMaHWE yAEenanocb MOUCKY HaAeXHbIX U 3PMEKTUBHBIX METOAOB onpeAeneHns NOBPEXAEHHOCTM Ha
OCHOBE KpMBbIX LMKNNYECKOro AedopMmpoBaHMs B AOMWKOBOM WM 3anMKOBOM OBNAcTAX HarpyxeHwus.
CpaBHeHMEe MONyYEeHHbIX pPe3ynbTaToB  KOHEYHO-3NIEMEHTHbIX pacyeToB C  WUCMOMb30BaHWEM
npeanoXKeHHON MOAenu matepuana ¢ 3KCnepuMeHTanbHbIMU AaHHBIMU NPOAEMOHCTPUPOBAIo XopoLlee
COOTBETCTBME ANl CTaHAAPTHbIX U TepMoobpaboTaHHbIX OETOHOB.
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Introduction

The elastic-plastic models with account of damage accumulation [1-6] provide effective tools for
the modeling nonlinear concrete behavior [7, 8] with taking into account irreversible deformation after
unloading, softening effect after strength peak, inelastic volumetric expansion and stiffness degradation.
The considered class of concrete models is able also to describe different damage nature under tension
(due to progressive microcracking) and under compression (because of crushing); permanent
degradation of material stiffness under cyclic loading conditions; stiffness recovery while transiting from
tension to compression; anisotropy of mechanical characteristics (concerning strength, hardening,
damage) under tension and compression.

There are many numerical implementations of such type of material models, for example, in
commercial software ABAQUS [9]. One of the main difficulties in use of such models in practice is an
identification of the material parameters for the computation of real concrete and reinforced concrete
structures [10-13]. There are few resent researches aimed to obtain all parameters for elastic-plastic-
damage model [14, 15]. A calibration of concrete parameters based on digital image correlation was
proposed in [16]. Analytical methods of concrete stress-strain analysis under cyclic loading with taking
into account of creep are used in [17, 18]. Features of the concrete behavior at elevated temperatures
are considered in [15, 19].

The main aim of the study is development of the methodology for the elastic-plastic-damage concrete
model parameter identification. To achieve the goal, the following tasks were accomplished:

o design of test setup for the correct control test and obtaining stress-strain curves;

e carrying out experiments using recommended Russian State Standard specimens [20] and
identifying model parameter;

e search for reliable and effective methods for damage evaluation based on cyclic deformation
curves in the pre-peak and after-peak loading regimes;

o validation of identified parameters using finite-element computations of stress-strain state and
fracture of experimental specimens and structural elements.

To use the concrete damage plasticity model in ABAQUS [9] the following concrete parameters
must be experimentally defined and set:

¢ initial (undamaged) elastic moduli (Eo, vo);

e plasticity characteristics (stress-strain curves under compression o: (gn) and under tension ot
(&), dilation angle g; flow potential eccentricity m;. the ratio of initial equibiaxial compressive
yield stress to initial uniaxial compressive yield stress fyo / fc; the ratio K¢ of the second stress
invariant on the tensile meridian to that on the compressive meridian);

e viscosity parameter p, used for the visco-plastic regularization of the concrete constitutive
equations;

e damage evolution diagrams under compression D¢ (&n) and under tension Dt (&r).

The procedure of plasticity parameters identification is considered in detail in [14].

To determine material parameters the following types of experiments are necessary in general
case:

monotonic uniaxial compression test;
monotonic uniaxial tension test;
biaxial loading test;

cyclic loading test.

The main focus of this paper is on the definition of the concrete damage based on cyclic stress-
strain curves. The curves of monotonous loading are not sufficient to determine the plastic deformation
and damage of concrete therefore an analysis of the cyclic deformation curves is necessary for our aims.
The results of previous basic experimental investigations of concrete under cyclic loading are presented
in [21-25] for compression and in [26—28] for tension. In dimensionless coordinates the cyclic stress-
strain curves under tension (Fig. 1b) demonstrate a larger scattering than the curves under compression
(Fig. 1a). However, in both cases, nonlinearities of the unloading and reloading branches are observed
for each cycle. This presents the main difficulty in identifying the damage. To eliminate this uncertainty a
comparison of 30 different (known and original) methods for determining the degraded stiffness is
performed in this paper with taking into account the conditions of admissible values of the damage, the
monotonic damage growth, and the localization conditions. The validation of the considered methods is
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carried out on the basis of comparison with the results of the performed tests and verification in the finite
element simulations of characteristic structural elements.
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Figure 1. Cyclic stress-strain curves: a) compression and b) tension for various concretes [21-28]
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Methods

Test setup

The test setup (Fig. 2a) is based on Shimadzu AGX300 electromechanical test machine. The
fixtures (Fig. 2b) for tensile tests and deformation sensor frame (Fig. 2c) were designed and produced.

c)

a)

Figure 2. Test machine (a), tensile test fixtures (b) and strain sensor frame (c)

There are two Heidenhain ST1278 length gauge sensors used for strain measurement. The
sensors were interfaced with test machine controller and result strain was calculated as average of two
sensors measurements for neglecting influence of bending effect. The strain sensor frame was installed
directly on the specimen. This approach allows obtaining the direct strain measurement during testing
and as result to measure correctly elastic modulus (see, for example, comparison of modules measured
by different methods in table 2 from [15]). Such design allows to perform experiments in the temperature
chamber and using quartz glass tubes for precisely strain measurement.
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Specimens

Specimens were prepared according to the recommendation of Russian State Standard [22].
There are three types of specimens:

e cubes 100x100x100 mm for concrete class (cube strength) definition,
e prisms 100x100x400 mm for compression experiments,
e dog-bone specimens for tension experiments.

The samples were made from three different types of concrete with standard cube strength class
of:

e B45 (Concrete 1),
e B25 (Concrete 2),
e B5 (Concrete 3).

Concrete mixture recipe for Concrete 1 is 400 kg/m?3 of CEM | 42.5R, 700 kg/m3 of 0/4 gabbro
sand, 1125 kg/m?3 of 5/10 gabbro coarse aggregate, 120 kg/m3 of fly-ash, 230 kg/m? of water and 35
kg/m? of plasticizers and modifiers; for Concrete 2 is 410 kg/m? of CEM | 42.5R, 340 kg/m? of 0/5 haydite
sand, 400 kg/m?3 of 5/10 claydite gravel, 95 kg/m3 of fly-ash, 216 kg/m3 of water and 40 kg/m3 of
modifiers; for Concrete 3 is 180 kg/m3 of CEM | 42.5R, 185 kg/m? of 0/5 haydite sand, 150 kg/m?3 of 5/10
claydite gravel, 120 kg/m3 of fly-ash, 130 kg/m? of water and 25 kg/m? of plasticizers and modifiers.
Specimens were casted in standard steel forms, extracted from forms after 3 days and cured in the 95%
humidity and 20°C temperature environment during 28 days.

A part of specimens have a preliminary heating treatment at temperatures at 200 °C, 300 °C,
400 °C and 600 °C. The heating rate was 10 °C/h. It should be noted that when overheating concrete at
temperature higher than 400 °C a network of cracks appears (Fig. 3). While overheating at temperature
of up to 600 °C with increased heating rate of 100 °C/h, which simulated the emergency mode, a
specimen of Concrete 2 exploded in the furnace.

Some microstructural stresses appear in the process of heating, being caused by different
coefficients of linear expansion of aggregate and matrix or by other processes, which requires a special
individual study.

a)

c)
Figure 3. Surfaces of Concrete 2 specimens with different overheating temperatures:
a) 300°C, b) 400°C, c) 600°C

Results and Discussion

Experimental results
As a result of numerous experiments, the following data were obtained:

e cube strength for Concrete 1,2,3 at 20°C;
e concrete-to-steel bond strength at different test temperatures (Concrete 1);
e monotonic compression stress-strain curves for Concrete 1,2,3 for different overheating

temperatures;

e monotonic tension stress-strain curves for Concrete 1,2,3 for different overheating
temperatures;

e cyclic compression stress-strain curves for Concrete 1,2,3 for different overheating
temperatures;

e cyclic tension stress-strain curves for Concrete 1,2,3 for different overheating temperatures.
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Typical cyclic stress-strain curves containing the post-peak behavior under compression and
tension for the specimens from the overheated concrete are given in Figs. 4a and b. These curves are
basis for the parameter determination of the evolution law for the plastic strain and damage.

Specimens from non-overheated concrete show in experiments a sudden failure, displacement
instability and snap-back phenomena usually in the softening branch. It is especially difficult to obtain the
tensile curves (see Fig. 4b). Therefore pure load or displacement control test techniques are not enough
to control the whole test including softening branch. The optimal test technique is a mixed control system
[29, 30]. Specimens from the overheated concrete allow for more easily to measure the after-peak
behavior (compare Figs. 4c,d with Figs. 4a,b). Carrying out experiments on such concretes opens the
possibility of investigating in more detail the post-peak behavior on test machines with standard control.

Failure modes of specimens under compression and tension are shown in Figure5 for
Concrete 1,2,3. Overheating and concrete type have no significant effect of failure mode. The greatest
differences are observed when comparing tension and compression.

The overheating has a significant effect on the elastic modulus and strength (Fig. 6). A noticeable
drop in properties is observed after 300 °C. This correlates well with the appearance of cracks network

(Fig. 3).
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Fig. 4. Typical cyclic stress-strain curves for Concrete 1:
a) compression (non-overheated), b) tension (non-overheated),
c) compression (overheated at 600°C), d) tension (overheated at 600°C)
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a) b) c)

e) f)

Figure 5 Failure modes: a) compression of non-overheated Concrete 1, b) compression overheated at
400°C Concrete 2, c) compression of non-overheated Concrete 3, d) tension of non-overheated
Concrete 1, e) tension of overheated at 400°C Concrete 2, f) tension of non-overheated Concrete 3
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Figure 6 Overheating temperature dependence of the elastic modulus and compressive strength for:

a) Concrete 1 and b) Concrete 2

Constitutive equations

The three dimensional rate-independent elastic-plastic material model of concrete deformation with
taking into account damage accumulation is considered. In order to capture the phenomenon of elastic
stiffness degradation of the concrete as well as its irreversible deformations upon monotonic and cyclic
loading, the combined use of elastic-plastic constitutive equations along with methods of continuum
damage mechanics became vital to better describe the mechanical behavior of concrete. The damage
growth is considered as a function of accumulated plastic strains in the coupled elastic-plastic-damage
model [1-3].

The difference of the presented model from the elastic-damage and elastic-plastic models consists
in the possibility of simultaneously taking into account the accumulation effect of residual strains and
elastic stiffness degradation (see Fig. 7).
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Figure 7. Schematic representation of stress-strain curves with intermediate unloadings for:
a) elastic-damage, b) elastic-plastic and c) elastic-plastic-damage models

The progressive propagation of microcracks plays a decisive role in the irreversible deformation of
concrete, as it results in the elastic stiffness degradation. This effect is captured in the models by
introducing of damage variables. In the simples case the influence of microcracking is introduced via a
single scalar damage variable D ranging from 0 for the undamaged material to 1 for completely damaged
material. The constitutive equations of material with scalar isotropic damage have been introduced by
Kachanov [31] and further developed by Rabotnov [32] and others.

The constitutive equation of elastic-plastic material with scalar isotropic damage for three
dimensional general multiaxial case takes the following form:

6=(1-D)'C; - (e-£")="C*-- (e—¢&), 1)

where ¢ is Cauchy stress tensor, g is the strain tensor, €” is the plastic strain tensor, ‘C; the initial

(undamaged) elastic stiffness of the material, while ‘ct = @-D) 4C§ is the degraded elastic stiffness
tensor. The effective stress tensor is defined by the relation:

(¢}
1-D’

Microcracking (under tension) and crushing (under compression) in concrete are represented by
increasing values of the hardening (softening) variables. These variables control the evolution of the yield
surface and the degradation of the elastic stiffness. The yield function represents a surface in effective

stress space F(E,E P) <0 which determines the states of failure or damage.

6="C} - (e-g")= (2)

The evolution of the scalar degradation variable is defined by the function
D =D(s,2"), 3

governed by a set of the effective stress tensor ¢ and hardening (softening) variables £".Inthe used in
further Lubliner model [1], the stiffness degradation is initially isotropic and defined by degradation
variable D, in a compression zone and variable D, in a tension zone. Total damage is defined as

D=1-(1-D,)(1-D,). bamage states in tension and compression are characterized independently by

two hardening variables &,° and &

< » Which are referred to equivalent plastic strains in tension and

compression, respectively. The evolution of the hardening variables is given by the following expressions
3 3

gP =r(G)&" and £° =—[1-r(6)]¢”", where r(c) = z<5i>/2|5'i| , & and &' are the maximum
i=1 i=1

and minimum eigenvalues of the plastic strain tensor €”; 0, =20, 20, are the eigenvalues of the

effective stress tensor & (2). The Macaulay brackets are defined as <X> = %(JX| + X).

The plastic flow is governed by a flow potential function G(o) according to non-associative flow
rule:
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(4)

where the loading function F(E,EP)S 0 is introduced for the description of the plastic flow onset and is
defined by the expression generalized the Drucker-Prager yield condition [1]:

i %(Jﬁ +al, + 06 )) (=) - 7.6 ) =0, ©

where « and y are material parameters; - I_1 / 3 is the effective hydrostatic stress ( I_l =1.-6, where 1 is the
unit tensor); \/ﬁ is the equivalent von Mises stress (J, :%devﬁ--deva), deVE:E—%ll_l is the effective
stress deviator. The shape of the loading surface on the deviator plane is determined by the parameter y.

foo! f.—1
2f, 1 f -1
equibiaxial and uniaxial compressive yield stresses. The function (9(5')) is defined by the expression
AR
5,(&")
tension. If a biaxial compression is applied with 51 =0, the Eq. (5) is reduced to the well-known Drucker-
Prager yield condition. The shape of loading surface in the deviatoric plane is determined by the

4 (/39 ),, 33 L |
233, J, 133 o, +3

Meridian” (o, > 0, = 0;) and the ,Compressive Meridian” (o, = 0, > 03) in the yield surface.

The parameter o = is calculated from the Kupfer curve [33], where fbo, fc are the initial

0(z") =

(1—a)—(1+ Ot) with &, 0, being effective yield strength values at compression and

parameter y = , where indices TM and CM mean, respectively, the ,Tensile

The plastic potential G, which is in general case different from F, sets the direction of the plastic
flow in (4) and is defined by the expression generalizing the Drucker and Prager yield criterion [1]:

G =(f,—m-f,-tan Bf +33, +11,-tan B, (6)

where f, and f_ are the uniaxial tensile and compressive strengths of concrete, respectively; g is the

dilatation angle, measured in the plane %_1—,/332 at high confining pressure; m is flow potential
eccentricity, defining the slope of the potential asymptotic behavior.
Further improvements in the accuracy of model predictions can be achieved by using three-

invariant loading function in form of the CAP model [34], ensuring the closed yield surfaces, and
consideration of anisotropic damage tensor variables [35, 36].

Features of numerical implementation and optimal strategies for obtaining results of finite element
modeling for this class of problems are considered in [5, 9, 19, 37].

Material parameter identification
The progressive elastic stiffness degradation from cycle to cycle provides information for the
damage calculation. The damage (in compression) is considered as a scalar variable D, which is equal to
0 for virgin material and equal to 1 at the failure. As consequence of the equation E = (l— D)EO (valid
under the hypothesis of strain equivalence) the damage variable at k-th cycle can be evaluated as:

D, =1-E, /E,, @

where E, is the value of the initial (undamaged) modulus and E, is the values of the damaged moduli at

the at k-th cycle. A typical example of calculation of the current elastic moduli based on a cyclic stress-
strain curve for Concrete 2 at 20 °C (preliminarily overheated at 600 °C) is shown in Figure 8.
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Experiment
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Figure 8. lllustration of the determination of the elastic reloading moduli of the damaged material
(cyclic compression of Concrete 2 overheated at 600 °C)

Due to non-linear shape of both unloading and reloading branches of cyclic stress-strain curve it is
a non-trivial problem to calculate appropriate elastic moduli of the damaged material. In the plasticity of
metals, the current elastic modulus is determined by the tangential modulus at the beginning of the
unloading or reloading curves (both are parallel). For the concrete this approach is not acceptable, the
unloading and reloading curves are noticeably nonlinear and nonparallel. Therefore, we considered
various (three-parametric family) methods for determining elastic modulus degradation based on using:

o different slope definition (tangent, secant, averaging);
o different branches of the cycle (unloading, reloading);
o different locations on the branch (tangent point or averaging range).

The secant slope is defined as an arc chord, connecting the beginning and the end of the branch.
The averaging is performed within the branch (reloading (ascending) or unloading (descending)) or part
of it. In this case the slope is identified for the selected group of points by the method of least squares.

In a comparative analysis 30 different methods are examined among them:

11 variants of tangent to reloading branch at 0%, 10%, 20%, ... , 90%, 100% of load;

11 variants of tangent to unloading branch at 0%, 10%, 20%, ... , 90%, 100% of load;

3 variants of averaging slope to reloading branch in ranges 0+100%, 0+10%, 90+100% of load;
3 variants of averaging slope to unloading branch in ranges 0+100%, 0+10%, 90+100% of load;
secant slope (chord) of reloading branch in range 0+100% of total load;

secant slope (chord) of unloading branch in range 0+100% of total load.

The following conditions are considered as criteria for the admissibility of the methods:

D >0 (the slope of E, should be less than E,);
D <1 (the slope of E, should be greater than 0);

e monotonic decreasing elastic modulus with plastic deformation, or that is equivalent, monotonic
increasing damage from cycle to cycle;

e condition of the possibility of strain localization [38];

¢ visually, the change in slope should correspond to the observed evolution of hysteresis loops.

For validation of the slope determination methods the obtained experimental cyclic stress-strain
curves for Concrete 1, 2, 3 under various heat treatment conditions were used.

The results comparison of the tangents slopes for a representative cycle for Concrete 2 overheated
at the temperature of 600 °C are shown in Figure 9. The tangents to the unloading branch shows a
significantly larger scatter than the tangents to the reloading curve. The tangential modulus at the
beginning of the unloading or reloading curves can’t be considered as an adequate approximation of the
slope. Appropriate slope approximations are obtained for tangents to reloading branch in the range
20+60 % of total load for the considered cycle (see also Fig. 10).
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Figure 9. Comparison of tangents slopes for a representative compressive cycle for Concrete 2

overheated at 600 °C

A comparison of all 30 methods for the considering cycle is shown in Figure 10. The results of
multivariant computations for the considering cycle and also for others cycles and for others considered
concretes show that the averaging slopes in the ranges 0+100 % and 0+10 % to reloading branch as well
as tangents in the range 20+60 % to reloading branch provide the best variant of approximation. The
range of unallowable damage values is indicated by red shading. The curves, visually corresponding to
the slope of the hysteresis loop, are marked with a shaded green area. As a rule, outside this region,
there is a lack of monotony (oscillations) in the dependence of the elasticity modulus and damage with

the growth of plastic strain.

For the convenience of visual comparison, the most characteristic variants are presented on one
graph in Figure 11 for the same hysteresis loop as in Fig. 9 in the form of lines emanating from one point.
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The accuracy of the calculation of the damage affects the accuracy of the definition of plastic
strain, which is determined in uniaxial case by the equation:

P o
E ° (-D)JE, ®
When specifying the input data in ABACUS, inelastic strain is also used, which is determined as
i o 1-D)o
g'”zg——ze—u. 9)
E, E

The relationship between plastic and inelastic deformations can be obtained by the total strain
" 0 D 0 [ . .
decomposition € = e +ef =¢" +¢" +¢ =¢% +¢" and written in the form:
Do
(1-D)E,

p in o o in
="+~ - (10)
E, (1-D)E,
The results of elastic moduli degradation and damage calculation as function of plastic strain under
compression are given in Fig. 12 for Concrete 1 (non-overheated) and Concrete 2 (overheated at 600°).
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Figure 12. Elastic modulus degradation (a) and damage evolution (b) with increasing of plastic
strain for regular and overheated at 6000 Concrete 2 under compression
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Comparison of obtained results of damage evolution with experimental data from literature [21-28]
are given in Fig. 13. Damage evolution curves are obtained on the base stress-strain curves, which are
shown in Figs. 1a, 1b, 4a, 4d, 8. Dependences of the damage on the dimensionless (by the peak value)
strain show close monotonic increasing results both in tension and compression. Inflection point in the
damage curve for overheated at 600° Concrete 2 is observed at strain peak that corresponds also to the
experimental data for overheated concretes considered in [15].
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Figure 13. Damage evolution under: a) compression and b) tension for various concretes

The exponential approximation [3,6,19,37] can be considered as the simplest approximation of the
damage curve:

D=1-¢" (11)

where b is a material constant. An example of a more complex approximation, which allows to more
accurately take into account the shape of the curve, is the following expression [39]:

0, &< &y,

= 12
1_ e—b(s—so ) e > 80, ( )

where material constant b rules how fast D approaches 1, g is a shape parameter, & introduces a
threshold value.

It is obvious that the compressive and tensile constants must be different.

Note that the experimental data shown in Figure 13 do not allow us to identify the appearance of a
clearly expressed threshold greater than 0.2 & -

Validation and verification
Comparison of simulation results with experimental data for samples

The comparison of simulation results with experimental data under monotonic compression for
regular Concrete 1 and for overheated at 600 °C Concrete 2 are given in Figure 14. A good agreement is
observed in both cases. The model parameters are identified with help of the relations (7) and (10). The
constitutive equations (1)-(6) are used in simulations. Note that the considered approach allows to
describe strain hardening, softening and post-peak behavior under compression and tension. An example
of material constants used in simulations for regular Concrete 1 at 20 °C is given in Table 1.
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The validation results of proposed identification procedure under cyclic loading for regular and for
overheated concrete are given in Figure 15. Prediction accuracy is lower in comparison with monotonic
case, but a satisfactory agreement of experiment and simulation results is observed in this case too.

The considered model is limited by the possibility to predict only the linear unloading. This reduces
the accuracy of the computations. One of the possible ways to further improve the material model is to
consider structural or multisurface models.

Table 1. Material constants for regular Concrete 1 used in simulations of monotonic and
cyclic loading of samples

peak peak peak peak

E v s h O, & o &

[GPal | T 111 | foo | MPa) | [%] | (MPa] | %]
38 0.2 38 1.12 -55.1 -0.32 2.77 0.035
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Figure 15. Comparison of simulation results with experimental data for cyclic loading:
a) compression for regular Concrete 1;
b) compression for overheated at 600 °C Concrete 2;
c¢) tension for overheated at 600°C Concrete 1

Pulling the reinforcing bar from the concrete block

A direct finite element modeling of the pulling process of the steel reinforcing bar out from the
concrete block (in accordance with RILEM/CEB/FIB [40] requirements) with using the elastic-plastic-
damage constitutive equations (1)—(6) for the concrete and with taking into account the cohesive behavior
of steel-concrete bond is considered.

Geometric parameters, pull-out test experiment (used tensile tester Shimadzu AG-300kN) and
axisymmetrical finite-element model are shown in Figures 16 a-c. Material constants used in finite-
element simulations are listed in Table 2. A detailed description of the problem and an analysis of the
results are given in [41, 11, 12]. Damage field distributions are shown in Figures 16d and e. The damage
localization is observed in the vicinity of the reinforcing rod-to-concrete contact.

The comparison of obtained results of finite element simulations with experimental data for the
problem of pulling the reinforcing bar from the concrete block demonstrates a good agreement (see
Fig. 16f). The proposed approach, which is based on direct FE modeling of reinforced concrete elements
with account of elastic-plastic-damage material model of concrete in combination with taking into account
cohesive behavior for interface between reinforcement and concrete, allows to describe correctly
reinforced-concrete bond at pulling the rod out of the concrete body.

Benin A.V., Semenov A.S., Semenov S.G., Beliaev M.O., Modestov V.S. Methods of identification of concrete
elastic-plastic-damage  models.  Magazine of  Civil  Engineering. 2017. No.8.  Pp.279-297.
doi: 10.18720/MCE.76.24.

292



NuxeHepHO-CTPOUTENBHBII KypHaJI, Ne 8, 2017

_d=14
» |
_A A
-4
<
1
S
(=] /
ol
- Concrete
v v
Steel

¥

reinforcement

Experiment
~- « —FEM. Elasticity. Ideal bond
— - —FEM. Elasticity. Adhesion

FEM. Elasto-plasticity. Ideal bond
~~~~~~~~~ FEM. Elasto-plasticity. Adhesion
— = FEM. Elasto-plasto-damage. Ideal bond
— — FEM. Elasto-plasto-damage. Adhesion

T T T T

1 T
0.0 0.1 0.2 0.3 04 0.5 0.6

u_ [mm]

h)

Figure 16. Pull-out test: a) specimen geometry; b) test setup; c) finite-element model; d) damage at
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account of ribs); f) damage at tension D: (model without account of ribs); g) damage at
compression D. (model without account of ribs); h) shear stress in bond 7z vs displacement of
reinforcement u; for various models

Table 2. Concrete material constants used in simulation of pulling the reinforcing bar from
the concrete block

E v ﬂ be O_Cpeak gcpeak O_tpeak gtpeak
[GPal | T 111 | foo | MPa) | [%] | [MPa] | [%]

30 0.2 38 1.12 -18.5 -0.136 1.55 0.0403
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Three-point bending of reinforced concrete beam

Finite-element simulation of the fracture process of the reinforced concrete straight beam (Fig. 17)
of rectangular cross-section with longitudinal reinforcement under a three-point bending with using of the
elastic-plastic-damage constitutive equations (1)—(6) for the concrete is considered.

Geometric parameters, three-point bending experiment (used Instron 1200 KN series SATEC™)
and finite-element model (one-fourth of the specimen due to symmetry) are shown in Figure 17a-c.
Material properties are listed in Table 3. Maximum principal strain and damage field distributions are
shown in Figures 17e and f. The zones of strain and damage localizations are in an agreement with the
macrocracks locations and orientations observed in the experiments (Fig. 17d).

The comparison of obtained results of finite element simulations for displacements with
experimental data demonstrates a good agreement (see Fig. 17g).
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Figure 17. Three-point bending of reinforced concrete beam: a) specimen geometry; b) test setup;
c) finite-element model; d) specimen after fracture, €) maximum principal strain;
f) damage at tension Dt; g) load vs displacement of the bottom point of the central section of the
concrete beam for various models
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Table 3. Concrete material constants used in simulation of three-point bending of reinforced
concrete beam

peak peak peak peak
E v | B | fw | o &, lop &
[GPa] [ ]

— C

fo | MPa] | (%] | [MPa] [%]
34.5 0.2 38 1.12 -25.5 -0.163 1.95 0.0441

Examples of other applications of the considered elastic-plastic-damage model in solving real
problems of practice, such as corrosion driven spalling of concrete cover at automobile bridge [42] and
simulation of fracture process of ballastless deck at railway bridge [13] have been also demonstrated the
possibility of applying the considered approach.

Conclusion

The material parameter identification procedure of elastic-plastic-damage concrete model is
proposed and validated. The results of multivariant calculations of damage on the base of experimental
cyclic stress-strain curves under tension and compression show that the averaging slopes of reloading
branch as well as tangents in the middle of reloading branch provide the best variant of approximation.
Comparison of simulation results with experimental data under monotonic and cyclic compression
demonstrates a good agreement for regular and for overheated concrete. Additional indirect verification
of the considered material model and the proposed methods for identifying its parameters is the good
accuracy of the simulation results in comparison with the results of the experiments when solving real
practical problems, such as the pulling the reinforcing bar from the concrete block and three-point
bending of reinforced concrete beam. The offered approach, which is based on direct three-dimensional
modeling of reinforced concrete structures with account of continuum damage evolution, allows to
describe inelastic deformation, define cracking mechanisms and to evaluate a residual resource of
partially destroyed structures. However, practical realization of this approach requires considerable
computational effort and additional experimental data concerning concrete mechanical properties.
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