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Abstract—Reliable design of reinforced concrete (RC)
structures against earthquake has received considerable
attention for many decades. It is vital that RC members
exhibit sufficient strength and ductility under combinations
of gravity loads and cyclic lateral excitations caused by
earthquakes. To that end, this study presents an Enhanced
Concrete Damage Plasticity Model (ECDPM) for predicting
the cyclic behavior of plain concrete under multiaxial
loading conditions, which combines the theories of classic
plasticity and continuum damage mechanics. This model
employs two damage variables for describing the influences
of tensile and compressive damages on overall behavior. The
capability of the model to predict the cyclic response of plain
concrete is evaluated using experimental data from a
uniaxial tension test, as well as uniaxial, biaxial and triaxial
compression tests. Very good agreement is generally
observed between the numerical predictions and test data.
Various shortcomings of the model are also identified to aid
future development efforts.
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I.  INTRODUCTION

Several predictive response models at the material and
structural level exist in the literature. Some serve for
evaluating the behavior of structural components under
seismic loading [1-7]. Some consider the uniaxial
response of plain unconfined or confined concrete [8-10].
In addition to the previously mentioned models, several
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constitutive models have been proposed for simulating
the behavior of concrete under monotonic or cyclic
loading. One of the popular models for describing the
response of concrete under monotonic loading was
proposed by Grassl and Jir&ek, which is typically
referred to as CDPM1 [11]. The performance of this
model for predicting the behavior of plain concrete and
RC structures subjected to multiaxial loads has been
demonstrated in some studies [12, 13]. However, this
model cannot describe the concrete response under cyclic
loading since it employs only one single damage variable
for both tension and compressive regimes. Among the
existing models for concrete, the model proposed by Lee
and Fenves, which is called CDPM, is the most
practically used one for simulating the cyclic behavior of
plain and reinforced concrete under both monotonic and
cyclic loading [14]. It contains two damage variables, one
for tensile damage caused by cracking and one for
compressive damage caused by crushing. This model can
describe the stiffness degradation caused by tensile or
compressive damage, the effect of crack opening or
closing on the strength recovery, as well as the influences
of lateral confinement on strength and ductility

Furthermore, Recently, Grassl et al. extended CDPM1 to
describe the transition between tension and compression
regimes by means of two damage variables and they
denoted it as CDPM2 [15]. Despite of the advanced
features of CDP and CDPMZ2, their capabilities to predict
the cyclic behavior of plain concrete under biaxial and
triaxial cyclic compression were not demonstrated in [14,
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15]. Hence, this study presents an enhanced damage
plasticity model (henceforth denoted as ECDPM) as an
extension of CDPM1. The performance of ECDPM in
simulating the cyclic response of plain concrete under
different loading scenarios is evaluated. In this regard, the
ECDPM predictions were compared against test data
including a uniaxial tension test by Reinhardt et al. [16]
and uniaxial, biaxial and triaxial compression tests by
Van Mier [17].

Il. BRIEF DESCRIPTION OF ECDPM

In this study a damage plasticity model for concrete as
an extension of a previous model proposed by Grassl and
Jirdek [11] is presented. For sake of brevity, the
presentation is restricted on its extension, more
information is available in [11]. The nominal stress-strain
formulation of ECDPM reads

o0=(1—-w)E,;(E-¢&"). (1)

Therein, o denotes the nominal stress tensor, w is the
scalar isotropic damage parameter ranging from 0
(undamaged material) to 1 (fully damaged material), E,
is the fourth order elastic stiffness tensor, £ and & are the
total and plastic strain tensors, respectively. The model
describes the softening response in the post-peak regime
by splitting the damage parameter w into two damage
parameters for tension and compression as follows,

(1-w)=01-w)d-r,w), )

where, w, and w, denote the scalar damage parameters in
compression and tension, respectively, and the split
weight factor r,, ranging from O (pure 3D compressive
strain state) to 1 (pure tension) as follows [18]
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With (g;) denoting the positive parts of the principal
strains. The parameters w, and w, in (2) take the form

_%dc

w,=1—e e (42)
_%de

w=1—¢e 1t (4b)

With ;. and a,; denoting the damage driving internal
variables for compression and tension, respectively, €5,
and e, are the softening modulus for compression and
tension, respectively. The evolution of a,. and ay; is
defined as

acEh
c . .
. — if a,>1 A &0 >0,
Aac =\ x4(G,) p v (5a)
0 otherwise
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(1 - ac)éil;
. —— if a,>1 A & >0,
ar =9 x,(5,) P v (5b)
0 otherwise
where q, = Y3, ZPe1@PeI*TPTD o 5 variable ranging

lgpll2
from 0 for uniaxial tension to 1 for uniaxial compression
according to [15], Gp¢; and Gpp; are the negative and
positive components of the principal effective stresses,

&P is the rate of volumetric plastic strain, x,(&,,) is the
softening ductility measure, and a, is the strain-like
internal hardening variable and its rate takes the form
according to [19] as

llé p

36
= — 0 _cos?(= (6)
RS (1 t3 1082 ( 2 ))

where x;(7,,) is a hardening ductility measure, pand 8
denote the effective deviatoric radius and the Lode angle,
respectively . The compressive softening modulus is
defined as [15]
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where the compressive fracture energy can be estimated
N2

as Gpc = (/’:—C) Gp; [20] with f) and f; denoting the
t

compressive and tensile strength of concrete, respectively,
Gp; is the Mode-l fracture energy, l.uq- iS the
characteristic length and A, is a model parameter.

The tensile softening modulus can be determined as [21]

— GFI _£
ftlchar 2E

()

Eft

with E denoting the Young’s modulus.

In this section, the results, computed by ECDPM, are
compared to test results. In this regard, four tests
including uniaxial tension and compression, biaxial and
triaxial compression tests are used.

VALIDATION OF ECDPM

A. Cyclic Uniaxial Tension Test Conducted by
Reinhardt et al. (1986)

In the test, conducted by Reinhardt et al. [16], the
response of concrete in cyclic uniaxial tensile loading is
investigated. The material parameters for concrete are
characterized as E = 24 GPa, Poisson’s ratiov = 0.2, f; =
47.1 MPa, f, = 3.24 MPa, G = 0.06 N/mm, I.qr = 35
mm, and the model parameter A, is identified as 15. The
comparison between the results computed by ECDPM
and the measured ones is displayed in Fig. 1. Good
agreement between the numerical result predicted by
ECDPM and the test result is concluded.



International Journal of Structural and Civil Engineering Research Vol. 9, No. 4, November 2020

3.5
- Experiment (Reinhardt et al., 1986)
3
- ECDPM
2.5
£
g 2
72}
§ 1.5
7

60 80 120 140

Disp. (um)

0 20 40 100

Figure 1. Comparison of the computed and measured stress-
displacement diagram for concrete in a cyclic uniaxial tension test
conducted by Reinhardt et al. [16].

B. Cyclic Uniaxial Compression Test Conducted by Van

Mier (1984)

For examining the capability of ECDPM to predict the
cyclic response of plain concrete under uniaxial
compressive loading regime the test conducted by Van
Mier [17] is employed. The material parameters are given
asv=0.2, f/ = 42.3 MPa, and f, = 2.8 MPa. E and G,
were estimated as 21.7 GPa and 0.15 N/mm, respectively,
lchar 1S taken as 100 mm, and A, is identified as 10. In
Fig. 2 the predicted and observed results are compared. It
can be concluded from Fig. 2(a) that the model captures
the cyclic response of concrete in terms of the o; — &;
diagram very well. However, it can be observed in Fig.
2(b) that the model significantly underestimates the
lateral strains measured at the free surfaces. It was stated
in the test report that the measurements of the lateral
strains were probably distorted by splitting phenomena.
Hence, it cannot be clarified if the discrepancy between
the computed and measured results is caused by a
shortcoming of ECDPM or caused by the measurement
setup.
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Figure 2. Comparison of the predicted and observed concrete
response in a cyclic uniaxial compression test conducted by Van
Mier [17].

C. Cyclic Biaxial Compression Test Conducted by Van
Mier (1984)

In this subsection the results predicted by ECDPM are
compared with the observed ones for the biaxial
compression test conducted by Van Mier [17]. The
concrete parameters are set as E = 29 GPa,v=0.2, f/ =
45.3 MPa, f; = 2.8 MPa, Gg; = 0.15 N/mm, I 4,4, = 100
mm, and A; = 15. A low lateral confining pressure of
o, = 0.1f; was applied to the specimen, whereas o; = 0.
In Fig. 3 the computed results are compared to the
measured ones. Fig. 3(a) demonstrates that ECDPM
predicts the cyclic behavior of concrete including the
softening response and the influence of low confinement
on strength and ductility along the loading direction very
well. On the other hand, it can be seen that the lateral
strain &, is slightly overestimated, whereas, the lateral
strain &5 at the free surface is strongly underestimated.
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Figure 3. Comparison of the computed and observed concrete

response in a cyclic biaxial compression test conducted by Van Mier
[171.

D. Cyclic Triaxial Compression Test Conducted by Van
Mier (1984)

The performance of ECDPM is further evaluated by
simulating the concrete response in a cyclic triaxial
compression test conducted by Van Mier [17]. The
material parameters for this test are E = 29 GPa, v = 0.2,
f! =50 MPa, f; = 2.8 MPa, Gg; = 0.15 N/mm, I 44y =
100 mm, and A, = 10. The applied lateral confinement
pressures are o, = 0.33 f; and a3 = 0.05f/ . The
comparison of results predicted by ECDPM and the
measured ones are displayed in Fig. 4. As observed for
the previous tests in this study, it can be seen in Fig. 4(a)
that the stress-strain response is computed very well by
ECDPM along the loading direction. However, Fig.
4(b),(c) show that the strain components €, and &5 are
underestimated and overestimated, respectively.
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Figure 4. Comparison of the predicted and observed concrete
response in a cyclic triaxial compression test conducted by Van Mier
[17].

IV. SUMMARY AND CONCLUSION

In this study an Enhanced Concrete Damage Plasticity
Model (ECDPM) for predicting the cyclic behavior of
plain concrete under multiaxial loading conditions was
presented. The proposed model can describe the stiffhess
degradation due to compressive and tensile damage by
using two damage variables. The performance of the
model was evaluated by experiments conducted for
various loading scenarios such as cyclic uniaxial tension
and compression as well as biaxial and triaxial
compression. Comparisons between the computed results
by ECDPM and the test data demonstrated the capability
of the model to capture the cyclic response of concrete
along the loading direction under multiaxial loading such
as the effects of lateral confinement on strength and
ductility along the loading direction. However, additional
test data from plain concrete specimens subjected to
cyclic multiaxial loading is required for further validation
and improvement of ECDPM.

CONFLICT OF INTEREST

The authors declare no conflict of interest

AUTHOR CONTRIBUTIONS

Mohammad Reza A. Azadi Kakavand wrote the paper;
Guinter C. Hofstetter conducted the research; Ertugrul B.
Taciroglu analyzed the data; all authors had approved the
final version.

ACKNOWLEDGMENT

The authors acknowledge the financial support of this
study by the Austrian Marshall Plan Foundation, which
funded the first author's short-term visit to UCLA during
the course of this study.

REFERENCES

[1] M. J. N. Priestley, R. Verma, and Y. Xiao, “Seismic shear strength
of reinforced concrete columns,” Journal of Structural
Engineering, vol. 120, no. 8, pp. 2310-2329, 1994.



(2]

(3]

(4]

(5]

(6]

[71

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

International Journal of Structural and Civil Engineering Research Vol. 9, No. 4, November 2020

B. R. Ellingwood, “Earthquake risk assessment of building
structures,” Reliability Engineering and System Safety, vol. 74, no.
3, pp. 251-262, 2001.

H. Sezen and J. P. Moehle, “Shear strength model for lightly
reinforced concrete columns,” Journal of Structural Engineering,
vol. 130, no. 11, pp. 1692-1703, 2004.

K. J. Elwood, “Shake table tests and analytical studies on the
gravity load collapse of reinforced concrete frames.” Ph.D.
dissertation, University of California, Berkeley, Ca, 2004.

L. Zhu, K. J. Elwood, and T. Haukaas, “Classication and seismic
safety evaluation of existing reinforced concrete columns,”
Journal of Structural Engineering, vol. 133, no. 9, pp. 1316-1330,
2007.

M. R. Azadi Kakavand and R. Allahvirdizadeh, “Enhanced
empirical models for predicting the drift capacity of less ductile
RC columns with flexural, shear or axial failure modes,” Frontiers
of Structural and Civil Engineering, 2018. (In press)

M. R. Azadi Kakavand, “Limit state material manual,” available
on opensees.berkeley.edu, 2012.

W. T. Tsai, “Uniaxial compressional stress-strain relation of
concrete,” Journal of Structural Engineering, vol. 114, no. 9, pp.
2133-2136, 1988.

D. C. Kent and R. Park, “Flexural members with confined
concrete,” ASCE Journal of the Structural Division, vol. 97, no. 7,
pp. 1969-1990, 1971.

J. B. Mander, M. J. N. Priestley, and R. Park. “Theoretical stress-
strain model for confined concrete,” Journal of structural
engineering, vol. 114, no. 8, pp. 1804-1826, 1988.

P. Grassl and M. Jir&ek, “Damage-plastic model for concrete
failure,” International Journal of Solids and Structures, vol. 43, no.
22, pp. 7166-7196, 2006.

M. R. Azadi Kakavand, M. Neuner, M. Schreter, and G. Hofstetter,
“A 3D continuum FE model for predicting the nonlinear response
and failure modes of RC frames in pushover analyses,” Bulletin of
Earthquake Engineering, vol. 16, no. 10, 4893-4917, 2018.

M. R. Azadi Kakavand, E. Taciroglu, and G. Hofstetter,
“Predicting the nonlinear response and damage patterns of bare
and infilled reinforced concrete frames using 3D finite element
models,” presented at the Earthquake Engineering and Building
Dynamics conference, Innsbruck, Austria, September 26-27, 2019.
(In press)

J. Lee and G. L. Fenves, “Plastic-damage model for cyclic loading
of concrete structures,” Journal of Engineering Mechanics, vol.
124, no. 8, 892-900, 1998.

P. Grassl, D. Xenos, U. Nystrém, R. Rempling, and K. Gylltoft,
“CDPM2: A damage-plasticity approach to modelling the failure
of concrete,” International Journal of Solids and Structures, vol.
50, no. 24, 3805-3816, 2013.

H. W. Reinhardt, H. A. W. Cornelissen, and D. A. Hordijk,
“Tensile tests and failure analysis of concrete,” Journal of
Structural Engineering, vol. 112, no. 11, 2462-2477, 1986.

J. G. M. Van Mier, “Strain-softening of concrete under multiaxial
loading conditions,” PhD dissertation, Technical University of
Eindhoven, 1984.

I. Zreid and M. Kaliske, “A gradient enhanced plasticity-damage
microplane model for concrete,” Journal of Computational
Mechanics, vol. 62, no. 5, pp. 1239-1257, 2018.

D. Unteregger, B. Fuchs and G. Hofstetter, “A damage plasticity
model for different types of intact rock,” International Journal of
Rock Mechanics and Mining Sciences, vol. 80, pp. 402-411, 2015.
S. Oller, “A continuous damage model for frictional materials,”
PhD dissertation, Technical University of Catalonia (In Spanish),
1988.

© 2020 Int. J. Struct. Civ. Eng. Res.

277

[21] B. Valentini, “A three-dimensional constitutive model for concrete
and its application to large scale finite element analyses,” PhD
thesis, University of Innsbruck, 2011.

Copyright © 2020 by the authors. This is an open access article
distributed under the Creative Commons Attribution License (CC BY-
NC-ND 4.0), which permits use, distribution and reproduction in any
medium, provided that the article is properly cited, the use is non-
commercial and no modifications or adaptations are made.

Mohammad Reza Azadi Kakavand obtained
his bachelor’s degree in civil engineering from
Central University of Tehran in 2008 and
received the master’s degree in civil
engineering majored in structural engineering
from University of Tehran in 2012. In 2014, his
book entitled “Opensees applied manual” was
published in Iran (translated in Persian
language), which is licensed by the University
: of California, Berkeley. He served

from January 2015 to April 2016 as a researcher in molecular dynamics
at Bauhaus University of Weimar in Germany and also worked on this
topic as a guest researcher at Polytechnic di Torino from January to
March 2016. He started his PhD study in civil engineering at the
University of Innsbruck under the supervision of Prof. Hofstetter in
April 2016. A short-term visit at UCLA funded by the Austrian
Marshall Plan Foundation was the onset of his research collaboration
with Prof. Taciroglu, which is still in progress.

Ertugrul Taciroglu earned a B.S. degree in
1993 from Istanbul Technical University, and
M.S. and Ph.D. degrees from the University of
Illinois at Urbana-Champaign (UIUC) in 1995,
and 1998, respectively. After a stint at the
Center for Simulation of Advanced Rockets
(UIUC) as a postdoctoral researcher, he joined
the Civil & Environmental Engineering
Department at UCLA in 2001. His research
activities span the disciplines of theoretical &

applied mechanics and structural & geotechnical earthquake
engineering. Dr. Taciroglu is the 2006 recipient of a U.S. National
Science Foundation CAREER award, and the 2011 Walter Huber Prize
of the American Society of Civil Engineers (ASCE). In 2015, he was
elected to become a Fellow of the Engineering Mechanics Institute of
the American Society of Civil Engineers (ASCE). He is a Section Editor
of the ASCE Journal of Structural Engineering, and serves on the
Editorial Boards of ASCE Journal of Engineering Mechanics, EERI
Earthquake Spectra, Int. J. of Structural Control & Health Monitoring.

Gunter Hofstetter received his diploma degree
and doctoral degree from Vienna University of
Technology. He is Professor for Strength of
Materials and Structural Analysis at the
University of Innsbruck. Since 2013 he is Dean
of the Faculty of Engineering Sciences of the
University of Innsbruck.


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/



