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Abstract:

This paper presents a procedure for identifying concrete damaged plasticity material model
parameters. A concrete damaged plasticity model is used to describe concrete behavior under quasi-
static cyclic or dynamic loads. The theoretical basis of this material model and review of all
parameters that define it are presented in the paper. The concrete damaged plasticity model
parameters were determined by using experimental results of cyclic loading-unloading uniaxial
compression and tension tests. A stress-strain dependence diagram is created based on the
experimental data. That dependence is used to determine stress-plastic strain, stress-degradation
diagrams and to identify material model parameters. Verification of identified parameters is
performed using PAK software package. Finite Element Method (FEM) model was created for
cyclic loading-unloading uniaxial tests simulations and numerical simulations are performed using
the concrete damaged plasticity model. Results obtained by numerical simulations are compared
with experimental results and numerical results from the literature. By comparing the results, it is
concluded that the concrete damaged plasticity model parameters can be efficiently identified by
applying proposed procedure.

Key words: concrete damaged plasticity model, PAK software, finite element method, material
parameters identification

1. Introduction

Analysis of concrete structures based on the Finite Element Method (FEM) has become almost
unavoidable in technical practice. As concrete consists of several materials that show different
compressive and tensile properties, defining damage in concrete is very complex. Material models
are used for this purpose, including concrete damaged plasticity material model. This material
model is often used in technical practice due to its practicality and precision in describing the
mechanical behavior of concrete structures.

In this paper, the material model parameter identification is performed, followed by numerical
verification of cyclic loading-unloading uniaxial compression and tension tests of concrete
specimens in PAK software package [1]. The paper contains the theoretical basis of the concrete
damaged plasticity model for which the material parameters were identified and used to simulate
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the mechanical behavior of concrete in uniaxial tests. The procedure for identifying the parameters
of the concrete damaged plasticity model based on experimental data from the literature [2, 3] is
presented in the third chapter. At the end of the paper, numerical simulations of cyclic loading-
unloading uniaxial compression and tension tests are presented and compared with experimental
results and numerical results from literature [4].

2. Theoretical basis of concrete damage plasticity material model

The concrete damaged plasticity material model is used to describe mechanical behavior of
concrete structures under quasi-static cyclic or dynamic loads. This material model defines the
behavior of concrete using the yield function originally developed by Lubliner et al [5] and
improved by Lee and Fenves [6].

According to the incremental theory of plasticity, the tensor of the total strain can be
decomposed into elastic and plastic strain [7]:

e=e¢” +e”. (1)
The elastic part is defined by following equation:
F=C'o, 2)

where C represents the elastic stiffness tensor.
The plastic part is an irreversible part of the total strain, which by applying equations (1) and
(2), can be expressed by the relation:

e"=e-Clo. (3)
Damage that occurs in the material is most often defined using stiffness degradation. The
following equation defines elastic stiffness via scalar stiffness degradation parameter [7]:

C=(1—d)C0, 4)
where d represents the degradation, and Cj is the initial stiffness matrix.
Based on equation (4), current value of Young's elasticity modulus can be defined as:
E=(1-d)E,, ()
where Ej denotes the initial value of Young’s elasticity modulus.
Yield function of concrete damaged plasticity material model is defined using following
equation [7, 8]:

F@®)=—— [al +\f 8]+ B(x max)J c.(k)<0, (6)

where:
e ¢ (x)=0,(k)- material cohesion

e [ =trc - first stress tensor invariant
° ||S|| = S stress tensor deviator norm

e S=6-5,1I- deviator of effective stress: &= CO:(e - eP)

_ 1 _ )
e o = gtrc - mean effective stress

m

e G, -algebraic maximum of eigenvalues of effective stress tensor

The dependence of the effective stress on the strain for tension and compression was shown in
Fig. 1.
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Fig. 1. Dependence of effective stress on strain for: a) compression and b) tension

Maximum stress (f;’, f:") and yield stresses (fzo, fin) for compression and tension are defined with
following equations [7], respectively:
. (1 +a, )2
f;:f;m:f;‘o—’ (7)
4a,
fz' = fi0> (8)
where a. represents compression curve parameter.

A review of the concrete damaged plasticity model parameters and their identified values for
experiments from the literature [2, 3] are given in the next chapter.

3. Material model parameter identification

Identification of concrete damaged plasticity model parameters is performed by using
experimental results of the cyclic loading-unloading uniaxial compression and tension tests.

Diagrams of stress-strain dependencies for uniaxial compression and uniaxial tension tests from
literature [2, 3] are shown in Fig. 2.
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Fig. 2. Diagrams of stress-strain for a) uniaxial compression, b) uniaxial tension

Based on the stress-strain dependence, using basic relations from the theory of plasticity and
damage theory, stress-plastic strain and stress-degradation dependences can be determined.
According to equation (1), the total strain can be decomposed into elastic and plastic strain.
Young’s elasticity modulus represents the dependence between stress and strain in the elastic
behavior region of a material, which is defined by Hooke's generalized law [9]:

c=C"e", 9)
from which it is possible to determine the value of the Young's elasticity modulus, by applying
equivalent expression for axial load:
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o, =Ee". (10)

Young’s elasticity modulus represents the initial slope of the curve (linear behavior), so it can
be easily determined using the stress-strain diagram.

Value of degradation can be determined at each unloading cycle of the specimen based on the
current and initial elasticity modulus of the material by using equation (5). Based on the plastic
strain and degradation values, stress-plastic strain and stress-degradation diagrams for uniaxial
compression and uniaxial tension tests can be formed for each load-unloading cycle.

The stress-plastic strain and stress-degradation dependence, for a uniaxial compression and
tension tests, obtained using diagrams shown in Fig. 2 and relations given in the previous section,
are shown in Fig. 3 and Fig. 4, respectively.

/5, F 335, F
= =
0| 2 30 | T
e fe— — — =,
25 | e T e 25 .
20 20 |
15 15 |
10 10 |
5 5 |
P[] x 10 d[-
0 0 | []
0 0.3 1 15 2 25 0 02 De o4 0.6 08 1
Fig. 3. Diagrams a) stress-plastic strain and b) stress-degradation for uniaxial compression
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Fig. 4. Diagram a) stress-plastic strain and b) stress-degradation for uniaxial tension

The concrete damaged plasticity model parameters can be determined from stress-strain, stress-
plastic strain and stress-degradation dependencies for uniaxial compression and tension tests in the
manner shown below. The concrete damaged plasticity model parameters, their interpretation and
description of method used for their determination based on the experiment results are given below.

The compressive strength (f.") and the tensile strength (f;") represent maximum values of stress
that are reached during compression and tension tests (Fig. 1) and can be determined directly from
the stress-strain diagram, shown on Fig. 2.

The compression curve shape parameter (ac) defines relation between the material compressive
strength and the value of yield stress in uniaxial compression test and can be calculated by equation
(7).

The parameter D, defines degradation value which corresponds to the compressive strength and
can be determined from the stress-degradation diagram shown on Fig. 3b.

The degradation value which corresponds to half the value of tensile strength £;/2 in uniaxial
tension test is denoted as D and can be determined from diagram on Fig. 4b.
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The compressive fracture energy (G.) represents the area under the stress-plastic strain curve
in Fig. 3a. Analogous to the compressive fracture energy, the tensile fracture energy (G;) represents
the area under the stress-plastic strain curve in Fig. 4a.

The dilatation parameter is denoted as a, and can be determined as the tangent of dilatation
angle y. This parameter cannot be determined from uniaxial tests, so predefined value is used in
this paper.

The triaxial compression parameter (y) defines the ratio of uniaxial and biaxial yield stress for
compression (a), and dilatation cannot be determined from uniaxial compression and tension tests
and are used as predefined values in this paper. Parameter D, represents the critical value of
degradation, i.e. the maximum value of degradation that can be achieved under load.

Table 1 shows a review of the concrete damaged plasticity model parameters obtained using
identification procedure described previously and used in the numerical simulation of uniaxial
compression and uniaxial tension tests, shown in the next chapter.

Parameter Value
E 3.1-107
v 0.2

£ 2.75:104
! 3.42-103
ac 4234
Dc 0.385
at 0.5
Dt 0.28
Gce 61
Gt 4.9-10-1
op 0.26
o 0.12
v 3
Dcr 0.95

Table 1. Identified parameters of concrete damage plasticity material model
4. Verification

Numerical simulations of cyclic load-unload uniaxial compression and tension tests are
performed in FEM software package PAK [1] using the concrete damaged plasticity material
model. Material parameters whose identification procedure is presented in the previous section are
used. The results obtained by numerical simulations are compared with the experimental results [2,
3] and numerical results from literature [4].

Schematic representation of the model for numerical simulation of uniaxial compression and
uniaxial tension tests, with defined boundary conditions and loads is shown in Fig. 5a. Dimensions
of specimen are 0.5 mx 0.5 mx 1 m.

For numerical simulation, three-dimensional tetrahedral finite elements with midside nodes
were used. The FEM model consists of 24 elements and 65 nodes (Fig. 5b).
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Fig. 5. Specimen model for uniaxial tests a) schematic representation, b) finite element model
Boundary conditions of the model are defined to correspond to the specimen experimental test
conditions: nodes located in symmetry planes have boundary conditions of symmetry in that plane,

as shown in Fig. 5b. The load of the model is set as prescribed displacement in the direction of the
z-axis at the nodes on the upper surface of the model.

4.1 Uniaxial compression test

For numerical simulation of cyclic loading-unloading uniaxial compression test, direction of u.
displacement shown in Fig. 5 is opposite. Therefore, the value of the displacement u. is negative
and multiplied by the load function used in the experimental compression test. The numerical
simulation results are compared with experimental results and numerical results from literature and
are presented in Fig. 6 in the form of stress-strain dependence.
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Fig. 6. Diagram stress-strain

In addition to the stress-strain diagram, Fig. 7 shows compared stress-plastic strain and stress-
degradation dependence for numerical simulation in program PAK and experimental results.
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Fig. 7. a) Diagram stress-plastic strain, b) diagram stress-degradation

The numerical simulation results by character correspond to the experimental results, while
values of the results deviate slightly. The deviation of numerical simulation results values from the
experimental results values is not significant, so the match of previously compared diagrams is
accurate.

4.2 Uniaxial tension test

For numerical simulation of cyclic loading-unloading uniaxial tension test u. displacement
shown in Fig.5a, which acts in the z-axis direction, is used. The prescribed displacement values are
defined by tensile load function used in the experimental test. The numerical simulation results are
compared with experimental results and numerical results from literature and are presented in Fig.
8 in the form of stress-strain dependence.

45 =
1§
35 | ©
— PAK
......... Experiment
— — —Abu Al-Rub &
Sun-Myung

Fig. 8. Diagram stress-strain

In addition to the stress-strain diagram, the dependences stress-plastic strain and stress-
degradation obtained by numerical simulation in program PAK are compared with experimental
results. Comparative view of these quantities is shown in Fig. 9.
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Fig. 9. a) Diagram stress-plastic strain, b) diagram stress-degradation
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Analogous to results of compression test simulation, the numerical tensile test simulation
results by character correspond to the experimental results. There are deviations in the results values
that are not significant because match of curves shown in Fig. 8 and Fig. 9 is accurate.

5. Conclusions

This paper presents the procedure for identifying concrete damaged plasticity model parameters
based on experimental data taken from the literature. Based on the experimental data of cyclic
loading-unloading uniaxial compression and tension tests, stress-strain dependence diagram was
created. This experimental data was used for determination stress-plastic strain and stress-
degradation dependence. These dependencies are necessary to determine the parameters of the
material model, using the proposed procedure. For the purpose of verification of the identified
material model parameters, appropriate finite element models were created for numerical
simulation of cyclic loading-unloading uniaxial compression and tension tests. Numerical
simulation is performed using PAK software package, which has implemented concrete damaged
plasticity material model, whose theoretical basis are presented in the paper. Numerical results are
compared with the experimental data and the results of numerical simulation from literature. By
comparing the obtained results, it can be concluded that, the concrete damaged plasticity material
model parameters can be efficiently identified using proposed procedure, on the basis of cyclic
loading-unloading uniaxial compression and tension tests.
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