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ABSTRACT. The characterization of ductile damage evolution, and its
description, have been the object of extensive research in the continuum
damage mechanic field. Many different models have been developed since the
pioneering works carried out a few decades ago. In detail, the stress triaxiality
and the Lode angle parameters have been identified as the two main variables
that affect the material ductility. The literature offers a great number of
investigations under monotonic loading conditions, however, a proper
characterization of the damage evolution under cyclic loading or non-
proportional loading is still missing.

In this paper, an unconventional coupled elastoplastic and damage
constitutive model with a Mohr-Coulomb failure criterion is presented. The
novelty of this study is represented by the modification of the ductile damage
law in order to consider the damage evolution under non-proportional loading
conditions. Therefore, the idea is to investigate the structural response of a
steel bridge column subjected to a cyclic non-proportional loading, showing
how, a different approach in the description of the ductile damage evolution,
is necessary for a realistic description of the pier behavior.
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INTRODUCTION

n the recent years, many authors tried to characterize the ductile behavior of metals by means of different types of
numerical models (coupled elastoplastic and damage models, uncoupled models, phenomenological, etc.). The large
campaign of experimental investigations carried out in the last decades (Algarni et al. [1]; Bai et al. [2]; Bao and Treitler
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[3]; Bao and Wierzbicki [4]; Brinig et al. [5]; Papasidero et al. [6]) pointed out that the stress triaxiality and the Lode angle
are the main two factors that affect the ductility behavior in metals. In fact, monotonic loading tests, for different geometries
and under different loading conditions (uniaxial extension, pure shear, plane strain, uniaxial compression), proved a different
failure behavior for the same material. However, the literature still lacks a proper characterization of the damage evolution
under non-proportional loading paths. In the recent years, Faleskog and Barsoum [7], Papasidero et al., Cortese et al. [§]
and Algarni et al. [9] conducted a series of experiments aimed to identify the effect of the loading path on ductility. In detail,
the work of Faleskog and Barsoum [7], Papasidero et al. [10] and Cortese et al. [8] consisted in the application of several
non-proportional loading paths, as the result of the combination of tension-torsion or compression-torsion, on steel and
aluminum tubular samples. On the other hand, Algarni et al. [9] tried to describe the crack formation on notched Iconel
718 bars in low cycle fatigue investigations. A common aspect that emerged from those previous works is that the
deformation at fracture is higher when the load is proportional, suggesting that the damage accelerates whenever non-
proportional loading conditions are triggered.

The present paper aims to investigate the influence of the loading path on the ductile damage evolution. The constitutive
model Damage Subloading Surface (DSS) [11] was modified to account for an additional inelastic contribution, named
tangential plasticity, that arises during the non-proportionality of the load. In detail, the numerical analyses focus the
attention on the structural response of a steel bridge column subjected to various loading conditions. A modified Mohr-
Coulomb criterion [12] is adopted for the description of the damage behavior of SS400 steel pier, with a modification of
the damage evolution law.

The paper is organized as follows. A first section (i.e. zheoretical frameworfk) introduces the definition of proportional and non-
proportional loadings. Subsequently, the main features of the DSS model are briefly described. Finally, the ductile damage
criterion and a novel ductile damage evolution law are presented. The second section, numerical analyses, is divided into two
parts. A simple numerical example shows the different damage evolution under proportional and non-proportional loading
paths, clarifying the role of the tangential plasticity presented in the first section. The second part of the numerical analyses
deals with a steel column that undergoes a cyclic non-proportional loading. The results will show the necessity of considering
the tangential plasticity for a more realistic description of the structural response. The last section reports the concluding
remarks of the paper, summarizing the theoretical approach and the advantages of the model.

THEORETICAL FRAMEWORK

detailed description of this theory is available in a previous work of the authors [11], where the Lemaitre’s

formulation [13] was adopted for the description of the ductile damage evolution. The present work considers a
different approach, based on the modified Mohr-Coulomb criterion as presented by Bai and Wierzbicki [12]. Moreover, an
additional modification of the ductile damage evolution law is here introduced to describe the difference in ductility under
proportional and non-proportional loading paths. Therefore, the discussion is initially focused on the definition of
proportional and non-proportional loads.
According to the present literature [14,15], a load can be defined as proportional whenever the ratio among the principal
stresses does not change during the loading. To this category belong, for example, uniaxial tension/compression, pure sheat,
or more complex conditions where the stress tensor components change ‘proportionally’. On the contrary, non-
proportional loads are defined as all the types of loading that do not meet the previous condition. An example of
proportional and non-proportional loading paths is schematically described in Fig. 1a.
Hashiguchi and Tsutsumi [16] pointed out that in the traditional elastoplasticity, assuming an associated flow rule and a
single smooth plastic potential, the generation of plastic deformation depends uniquely on the component of the stress rate
along the normal to the plastic potential. This aspect becomes particulatly relevant whenever the stress path deviates
significantly from the proportional loading, as for example in instability phenomena with localization and/or bifurcation of
the deformation. In this case, during the loading process, the stress rate deviates from the normal to the plastic potential
due to a component of the stress rate directed along the tangent to the plastic potential, called tangential stress rate.
Hashiguchi and Tsutsumi proposed a novel constitutive model to include the inelastic contribution (i.e. tangential plastic
strain) generated by the tangential stress rate component to correct the overestimation of the material stiffness predicted by
traditional models with a single smooth plastic potential.
The fundamental concept of this paper is the inclusion of an additional inelastic stretching, the tangential plastic strain, to
the ductile damage evolution law in order to explain the different failure mechanism under non-proportional loading paths.

T he following section deals with the presentation of the main features of the elastoplastic and damage DSS model. A
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It is worth mentioning that the novel damage accumulation law can be applied to a general loading path, since the
contribution of the inelastic strain depends on the orientation of the total stress rate.

The Damage Subloading Surface model

This subsection deals with the constitutive equations of the DSS. Starting from the definition of the additive decomposition
of the total strain rate tensor, the expression of the co-rotational rate of the Cauchy stress is obtained. The theoretical
framework and the main variables are here briefly introduced, for a complete discussion of the model please refer to [11].
The DSS model is a coupled elastoplastic and damage model that derives its formulation from a previous unconventional
plasticity theory, named Extended subloading surface model (i.e. SS) [15]. The choice of an unconventional plasticity model
[17] is mainly due to the ability of the SS theory to give a realistic description of the plastic strain accumulation and of the
material ratcheting for cyclic mobility problems and for fatigue life investigations. In fact, this approach has been used
successfully in different numerical analyses focused on predicting low- and high- cycle fatigue life [18,19], assessing welded
structures [20, 21], and generally for analyzing the deformation behavior of metallic [22, 23] and granular [24-26] materials.

0,

) non-proportional
proportional [

ﬂ) b)

Figure 1: a) Loading paths for proportional and non-proportional loading, b) sketch of the normal-yield and subloading surface.

The main feature of the SS consists in the abolition of the neat distinction between the elastic and plastic domains, stating
that irreversible deformations can be generated whenever the loading criterion is satisfied. In order to achieve this goal a
second surface, named subloading surface, is generated by means of a similarity transformation from the conventional yield
surface, here renamed normal yield-surface (see Fig. 1b). The subloading surface is defined to pass always through the
current stress state, assuming the role of a loading surface that expands and contracts in the stress space depending on the
loading or unloading of the material. The center of similarity sis not fixed in the stress space but it can move following the
plastic strain rate (its speed is regulated by the material parameter ¢). Some limitations were introduced by Hashiguchi [15]
to prevent the protrusion of the similarity-center beyond the yield surface, which would lead to theoretical and numerical
inconsistencies. In detail, a third surface, the similarity-center surface, is created as the locus of points for the similarity
center and its size is regulated by a material parameter v, see Fig. 1b.

The present work assumes a finite elastoplasticity framework that adopts a hypoelastic base plasticity. In this context, the

total strain rate tensor D is additively decomposed into an elastic part D and a plastic part D” according to
D=D'+D’ (l)

The expression of the co-rotational rate of the Cauchy stress can be obtained from the previous Eqn. (1) through some
mathematical manipulations. In the following lines, it will be shown how to re-write the elastic and plastic strain rates as
functions of the stress rate. The elastic part of the stress rate is related to the co-rotational rate of the Cauchy stress by
means of the fourth-order elasticity tensor pre-multiplied by the weakening function (1-D), following the approach proposed
by Lemaitre [13].
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D'=(1-D)E"':6 A=A-wA+Aw )

Eqn. (2)2 defines the co-rotational rate for a generic second-order tensor A, being w the spin of the rigid-body rotation.
The analytical expression of the plastic strain rate passes through the definition of the normal-yield and subloading surface,
here coupled with the isotropic scalar variable D.

f(8)=(1=D)F(H); f(@)=(1-D)RF(H); 6=0-u 5=Ré=0-%, &=s-Rs, é=s-a (3

The function fis a generic yield-stress scalar function, herein the von Mises criterion is assumed. The similarity ratio R

expresses the ratio between the normal-yield and the subloading surface and it characterizes the stress state. For 0<R<1
the stress belongs to the sub-yield state, inside the normal-yield surface. For R =1 the stress lies on the normal-yield surface
(which coincides with the subloading surface) and it belongs to the fully plasticized state. The expression of the similarity
ratio is given in its incremental form during the loading (Eqn.(4)1). WhereR depends on the material parameter # and the
norm of the plastic strain tensor. The term R, defines the size of an eventual sub-elastic domain, introduced by Tsutsumi
et al. |[27] to model metallic materials. However, during the elastic unloading, the similarity ratio can be computed by the
analytical formula in Eqn.(4)2. The symbdl “ ” indicates the deviatoric part of the tensor. Fincato and Tsutsumi in [11]
defined the similarity ratio formulas for the DSS model.

. R-R
R=UR®R)|D’|; UR)= ucot[fuJ during loading
2 1-R,
tr(&'é')+\/tr2 (&’é')+(2(1 —D)y*F? ¢’ 2)|a'|2 “
3 . .
R= > during unloading.
(3(1—D)2F2 - é’zj

The consistency condition of Eqn. (3)2 and the similarity ratio expression of Eqn. (4)2 require the definition of the similarity
center s, the back stress & and the isotropic-hardening function F. Briefly, their expressions are reported in the following
Egs. (5)-(7), respectively.

o 5 (1 o 1. '

s=cp?|| 2 -] ——1]s |+ a+(£—Hj§— b, ©)
R \x dH T (1-D)

F=F,+K(H-H,)+F [1—3”2<HHP>} ©)

& =(CD’-ABa,); =) &, #=1..N %

i=1

As mentioned at the beginning of this section the similarity-center movement depends on the norm of the plastic strain rate
together with the material constants ¢ and ¥ . The rate form of the damage variable D will be discussed in the following
subsection. The isotropic-hardening function of Eqn. (6) depends on four material parameters by, b2, K and H,. The first
two constants have the same meaning as in [15], K gives an additional linear contribution, whereas H, was introduced by
the authors to model a strain hardening plateau. The kinematic hardening law of Eqn. (7) was introduced by Chaboche [28]
to define the back stress rate as the linear combination of N non-linear contributions, regulated by the material constants
G and B.. In the present paper N was set to be equal to two.

The DSS model considers an associated flow rule for the generation of the plastic strain rate tensor D”. Consequently, the
plastic deformations are generated along the normal tensor N to the plastic potential at the current deviatoric stress state
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The term Mpr.P in Eqn. (8); is the elastoplastic modulus coupled with the damage. Its definition is derived by means of some
mathematical manipulations from the consistency condition of Eqn. (3)2, as shown in [11].

=N EL 2 G pyer ® ol aor)] E-[ Lo1fs]- 20=D)p, 9
dH F\'3 o’ R R |y 3 ) ©)

Finally, combining the expressions of Egs. (2) and (8)1 into Eqn. (1) it is possible to obtain the co-rotational stress rate as a
function of the total strain rate as follows

o | = EN ® EN
O'=|:E :|D (10)

_MP’D—FN:]_E:N

The ductile damage evolution law for proportional and non-proportional loading paths

Following a well-consolidated approach adopted by the continuum damage mechanics an arbitrary stress state can be
described by using two dimensionless parameters: the stress triaxiality ST and the Lode angle parameter LA, defined as in
Eqn. (11):

n= O-m/o-f\/ﬁ.re: 5 =10 _(66/72-) (11)

In particular, the Lode angle parameter field of existence covers all the possible loading conditions, from the uniaxial
extension to the uniaxial compression passing by the pure shear (or plane strain) condition where it assumes null value.
Therefore, every pair of variables (77,5 , tepresenting a unique stress state, can be used in the formulation of fracture
envelope in the MC criterion. This criterion has been widely and successfully used in the prediction of the failure behavior
of granular materials such as rock, soil and concrete. Recent applications [9,12,29], adopted successfully the MC criterion in
investigations on metals ductility. The expression of the MC failure envelope can be found in [12], where Bai and Wierzbicki
presented an analytical formula function of the two variables, ST and LLA, and of eight material parameters. However, in
case the effects of the pressure and of the LA on plasticity could be considered as negligible, a von Mises potential can be
assumed and then the expression can be simplified in the following:

il
g, = A L+q cos @ +¢ +lsin 5_;1- :
PV s 6 )T s (12

where A, ¢7, c2and N are four user defined material parameters. Based on the previous Eqn. (12) the ductile damage evolution
law can be written as

T

p=Y""T" Iy -4,
z (1.9) [ ] (13)

where the constant ; is introduced to allow the damage to evolve after a certain amount of plastic deformations. The
previous Eqn. (13) offers a good description of the damage evolution during proportional loading [30], however, it cannot
explain the damage acceleration during the non-proportionality of the load.

As recalled at the beginning of the #heoretical framework section, the non-proportionality triggers a non-negligible component
of the stress rate along the tangent to the plastic potential. Therefore, the main idea is to add to the ductile damage evolution
an additional inelastic contribution, herein called tangential plastic strain rate D', generated by the stress rate component
tangential to the Mises potential. The tangential inelastic strain rate can be evaluated adopting the same assumptions
proposed by Rudnick and Rice [31] and Hashiguchi and Tsutsumi in [16]. In particular:




¢
f'r;'
R. Fincato et alii, Frattura ed Integrita Strutturale, 47 (2019) 231-246; DOI: 10.3221/IGF-ESIS47.18

*  Only the deviatoric part of the stress is responsible for the inelastic stretch, which allows us to conclude that the
tangential inelastic strain is triggered by the deviatoric tangential component of the stress rate.
*  The tangential stretching D', as well as the plastic stretching D? smoothly develop with the similarity ratio R (i.e.D’
is a function of the similarity ratio).
*  The tangential stretching does not contribute to the material hardening [15].
* the tangential stretching is linearly related to the co-rotational stress rate.
In detail, the last hypothesis was introduced to obtain a simple constitutive model that could be used in general loading
paths. In fact, more complex corner theories limit the application to simple loading cases. The tangential plastic strain rate
can be written as

A o o 2,0 = 1 ° 1 TRTZ
D'=——aq}; o, =Ic =(I——I®I—N®Njo; A==l ———= (14)
3 2G\ 1-T,R"

whete A is a scalar variable, function of the shear modulus & pre-multiplied by the (1-D) factor (i.e. G=G(1-D )), the

similarity ratio R and two material parameters T(0ST,<1) gnd T, (0<Ty)  1n particular, if T7 is equal to zero no
tangential plastic strain rate is generated, on the other hand, if T7 tends to unity and assuming a fully plasticized state (i.e. R
= 1) the tangential plastic strain rate is maximized. The term I'in 1 Eqn. (14)2 is the fourth-order deviatoric tangential (or projection)
tensor [15] and it is function of the fourth-order identity tensor I and the second-order identity tensor I. In conclusion, the
ductile damage evolution law of Eqn. (13), can be rewritten to consider the additional inelastic contribution of Eqn. (14);
as

D= (\/2/_3lD(])‘+l;;‘D’ )H[H_d1]; o =I\/2/73‘DP‘+J.T3‘DP‘=HD Ly’ ()
Ep\"s

The constant 13 (O << 1) has been introduced to regulate the amount of the contribution of the tangential stretching to
the damage. The second of Eqn. (15) reports the cumulative inelastic strain variable H’, as the sum of the cumulative plastic
strain HP and the cumulative tangential plastic strain H'. The advantage of the law in Eqn. (15); is that the damage is
subjected to an additional contribution uniquely when the stress rate deviates from the normal to the plastic potential.
Therefore, it is suitable to describe the failure behaviour under both proportional and non-proportional loading paths.

NUMERICAL ANALYSES

user subroutine for the commercial code Abagus (ver. 6.14-5). The section is subdivided in two sub-sections. The

first example deals with a two steps loading of a plate element with the scope of showing the features of the ductile
damage law in Eqn. (15)1. The second numerical example shows an application of the DSS model to describe the structural
response of a thin wall bridge pier under cyclic non-proportional loading, reproducing the experimental results carried out
by Nishikawa ez al. [32].

T he numerical analyses in this paper were carried out by implementing the previous set of constitutive equations via

Two step loading example

This numerical example consists in subjecting a plate element, under the assumption of plane strain, to a sequence of two
different loading conditions. During the first step (i.e. step 1) the plate is pulled, under uniaxial boundary conditions, up to
10% of the nominal axial strain. Subsequently, a simple shear condition is applied to generate a 20% angular distortion (i.e.
step 2). Please refer to the sketch of Fig. 2a. The numerical test was designed this way to maximize the effect of the tangential
plastic strain. In fact, after the uniaxial extension, the stress state belongs to a fully plasticized state, where the similarity ratio
R equal to unity gives the maximum contribution according to Eqn. (14);. Moreover, the sudden change of direction between
the loading step 1 and the loading step 2 triggers a non-negligible component of the stress rate along the tangent to the
plastic potential.
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Figure 2: a) sketch of the plate subjected to two loading steps; b) ductile damage evolution depending on the material parameter T5. c)
cumulative inelastic strain H’, cumulative plastic strain H” and cumulative tangential plastic strain H' vs. angular distortion.

For sake of convenience, the material parameters adopted in this first study case are the same of the ones used for the
numerical analysis of the thin wall steel pier. The calibration and the discussion of their values will be dealt in the next sub-
section. The actual values of the material constants are relatively important in this study case, since the primary goal is to
show the characteristic of the ductile damage evolution law described in Eqn. (14):.

Fig. 2b reports the damage evolution through the step 1 and the step 2 for different values of the parameter T3. During the
first loading step, the damage evolves in the same way, independently from the value of the T3 constant, since the load is
proportional. However, at the beginning of step 2 the damage evolution accelerate proportionally to T3, as a consequence
of the rotation of the directions of the principal stresses, triggered by the sudden change of loading conditions. Experimental
results, reported by Roscoe [33] for granular materials, also confirm the non-coaxiality of the principal stresses and the
principal plastic strains directions for the simple shear test. However, this tendency tends to disappear at large strains where
the proportionality of the load tends to be re-established. This phenomenon can be seen in Fig. 2b, after the initial
acceleration of the damage accumulation, the evolution rate slows down and the blue lines became parallel to the black one.
Therefore, the damage evolution accelerates whenever the loading conditions trigger a rotation of the directions of the
principal stresses, whereas it proceeds with the same rate as in Eqn.(13) when the proportionality is re-established. Fig. 2¢
reports the cumulative inelastic strain H, cumulative plastic strain H” and cumulative tangential plastic strain H” (see Eqn.
(15)) against the angular distortion for the second loading step. The contribution of the tangential plastic strain is around
the 20% of the total cumulative inelastic strain.

Thin wall steel column under cyclic loading
This second numerical analysis focuses the attention on reproducing the structural response of a steel column subjected to
unidirectional cyclic loading. The damage evolution was monitored considering or not the tangential plasticity term (i.e. Eq
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(13) or (15)), pointing out the necessity to include the additional inelastic stretching contribution for a more realistic
description of the material behavior.

Nishikawa et al. [32] conducted a series of experiments on thin steel piers in order to analyze the horizontal load-carrying
capacity of the structures subjected to an increasing unidirectional horizontal load. The schematic of the pier is reported in
Fig. 3a together with its FE modeling. The loading sequence is instead reported in Fig. 3b. In order to save computational
time, just half of the column was considered, applying symmetric boundary conditions. Moreover, the experimental results
showed that the plastic deformations, and the buckling, appear in a region close to the base of the pier. Therefore, the
structure was modeled according to its real geometry until a height equal to two times the internal diameter from the bottom
and the remaining part was modeled with a beam element. A similar strategy was adopted by Gao et al. [34] and by Ucak
and Tsopelas [35]. The geometric specifications are reported in Tab. 1.

P
H ' P
H Dl S——
beam h
element ™
Al
bridge pier
— |h
t
1.5D
0.5D
D
a) b)

Figure 3: a) Model and geometry of the bridge pier; b) Loading sequence.

The lower part of the pier has a mesh of eight-node hexahedral elements with reduced integration (i.e. Abaqus C3D8R
clements) and the nodes of the top cross section were connected to the beam with rigid links. A mesh refinement was
considered close to the base of the pier, where the maximum accumulation of plastic deformation is expected. The minimum
element size is 9.8 mm (circumference) x 2.25 mm (thickness) x 15 mm (axial), comparable with the minimum element size
used by Van Do et al. [36], who conducted a mesh size sensitivity analysis on the same study case. The total number of
elements amount to 51841.

The structure is subjected to two types of loads: a compressive load P, constant and kept for the whole duration of the
experiment, and a horizontal load H, directed along the x-direction and with an increasing amplitude. The idea of Nishikawa
et al. was to reproduce the conditions of a seismic solicitation hitting a bridge pier, where P represented the dead load of
the infrastructure over the steel column and H represented a simplify shock wave. The magnitude of P was set to be 0.124
the squash load Py. The parameters Hy and 8y in Tab. 1 represent the horizontal load and horizontal displacement when the
specimen yields close to the base.

A preliminary characterization of the material parameters for the DSS and the material parameters for the definition of the
MC failure envelope was carried out by reproducing the uniaxial tensile behavior of a smooth bar reported in [36,37]. Few
material parameters such as: the Young’s modulus, the Poisson’s ratio and the yield stress Fo were assumed directly from
[32], the kinematic hardening parameters Cy, B, C», B, and the threshold for the strain plateau H, were assumed as in Van
Do et al. |36]. The threshold for the damage evolution d was chosen to be equal to strain plateau threshold Hy. The remaining
damage parameters in Tab. 3, together with the isotropic hardening parameters K, 4, sz were obtained by minimizing the
difference between the numerical and experimental curves reported by Goto et al. [37], as shown in Fig. 4. Two aspects
have to be mentioned. Firstly, the calibration of the damage parameters based on a single uniaxial tensile test cannot
guarantee to identify the correct set of variables for the description of the ductile behavior of the material. Therefore, the
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parameters in Tab. 3 were adjusted a posteriori to fit both the uniaxial tensile test and the pier behavior. Secondly, the
contribution of the tangential plastic term is negligible during the monotonic uniaxial tensile test. The parameters T7, T2 and
Tswere calibrated during the pier analysis. The material constants ¢, y, #, R. regulate the amount of inelastic strain in the
sub-yield state and, in general, are calibrated by means of a cyclic loading analysis to fit the material ratcheting [21,23,27].
In the present study, they were calibrated by minimizing the difference of the normalized horizontal load vs. normalized
horizontal displacement in the steel pier analysis without taking into account the effect of the damage, see Fig. 5a.

h 3,403 [mm]

t 8.70 [mm]

D 891.3 [mm]
P/Py 0.124

Hy 414.9 [kN]
Sy 10.5

Table 1: Structural parameters of the steel bridge pier.

Young’s modulus 206000 [MPa]
Poisson’s ratio 0.3
u 750
Fo 294 [MPa]
Re 0.4
H, 0.0183
K, b1, b2 140 [MPa], 0.30, 17.0
C1, By 2755 [MPa], 23.01
Cs, B2 590 [MPa], 22.84
¢ 400
X 0.9

Table 2: Material parameters for the DSS model

A 700 [MPa]
N 0.25

¢1 0.15

) 480 [MPa]
d 0.0183
Ty 0.99

T 1.0

T; 0.6

Table 3: Damage material constants for the Mohr-Coulomb criterion, Eqn. (12) and Eqn. (15).
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Figure 4: Calibration of the material parameters of the DSS on a uniaxial tensile test.
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Figure 5: Hysteresis loops for the thin steel pier a) without damage, b) with damage, evolution laws of Eqn. (13) P-D law and Eqn. (15)
NP-D law.

Fig. 5b shows the effect of the tangential plasticity contribution on the hysteresis loops for the pier, as a consequence of the
ductile damage acceleration. The green line refers to the ductile damage evolution of Eqn. (13), the acronym used in the
legend P-D stands for proportional damage law, in contrast with the blue line, obtained with Eqn. (15), where the acronym
NP-D stands for non-proportional damage law. As it can be seen the green line does not reproduce correctly the
experimental results in the last cycles. However, a different calibration of the damage parameters focused to improve the
pier behaviour description in the last part of the analysis, led to an underestimation of the material performances in the
modelling of the monotonic uniaxial tensile test and in the description of the first five cycles of the column analysis. On the
other hand, the solution carried out with a non-proportional damage law is able to catch a realistic hysteresis behaviour of
the pier and at the same time to be in good agreement with the experimental results of the tensile test.

The difference between the P-D and the NP-D laws can be observed in Fig. 6 where the value of the horizontal load is
reported in correspondence of the unloading points. Both the green and blue lines seem to overestimate the elastic response
of the structure, however, the difference can be considered as acceptable. The peak is well described in the load envelope
of the positive side of the lateral displacements, whereas there is an overestimation of about the 10% of the peak load at the
third loading cycle in the negative envelope. The post-peak behaviour described by the NP-D law is in very good agreement
with the experimental data.
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241



R. Fincato et alii, Frattura ed Integrita Strutturale, 47 (2019) 231-246; DOI: 10.3221/IGF-ESIS.47.18

2) b) ) d)

Figure 8: cumulative tangential plastic strain at a) the end of the 5% cycle, b) the end of the 6™ cycle, ¢) the end of the 7% cycle, d) the
end of the 8% cycle.
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On alocal scale, the damage has been investigated along the three circumferential cross sections schematically illustrated in
Fig. 7a. The three cross sections indicated with the marks A-A’, B-B” and C-C’ are located at 45 mm, 105, and 165 mm from
the base of the pier, respectively. Fig. 7b, ¢ and d report the corresponding ductile damage level at the end of the 8% loading
cycle.

One first observation is that the effect of the tangential plasticity on the damage seems to be more relevant around half of
the circumferential length for smaller distances from the pier base. In fact, the two solutions NP-D and P-D in Fig. 7b show
a complete difference tendency at the 0.5 value on the x-axis. The more the distance increases from the base of the column
the more the effect becomes small.
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Figure 9: lateral displacements at the loading points for the prescribed displacements amplitudes £38,, 263, and +88, for a) SIDE A
and b) SIDE B of Fig. 3a.

A second conclusion is that the damage is maximized for the points located along the loading direction in the graphs of Fig.
7d and c (i.e. the points B, C, B’ and C’). Here, both the solutions NP-D and P-D have peaks in the damage accumulation
in correspondence of the points B’ and C’. In detail, the point B> shows the highest absolute peak with a value of D = 0.54.
Van Do e al. [36] obtained a similar peak value, using a different damage accumulation law for the same study case.
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Moreover, the effect of the tangential plasticity is again quite relevant, increasing the values of the P-D damage in B’ and C
of 91% and 147%, respectively. This phenomenon is due to the fact that in correspondence of the points along the loading
direction (i.e. the points A, B, C, A’, B’ and C’) the stress state keeps alternating between two extremes of tension and
compression, constantly triggering a non-negligible component of the tangential stress rate, see Fig. 8.

The magnitude of the cumulative tangential plastic strain rate is higher around 105 mm from the column base due to the
effect of the compressive load P and of the boundary conditions which causes the typical ‘elephant foot’” buckling mode.
The magnitude of the lateral displacements for the SIDE A and SIDE B (see Fig. 3a) is reported in the following Fig. 9. In
detail, the two graphs in Fig. 9 display the computed radial displacements at the unloading points where the displacement
amplitudes are +38;, =63, and £83;. A comparison with the experimental data reported in [36] is also offered for the
conditions £33, and +63,. As mentioned before, the buckling takes place at the base of the column between 0 and 200 mm.
The DSS model is capable to catch quite well the magnitude of the lateral displacements in both sides. There is a slight
underestimation of the heights where the maximum lateral displacements are located, however, this phenomenon is probably
due to the welding conditions at the base of the real specimens which influence the deformed shape of the piet. The same
mismatch can be observed in the numerical analyses of Van Do e a/. [360] and Gao ez al. [34].

CONCLUSIONS

subjected to unidirectional and bidirectional non-proportional loading. The ductile damage was modeled with a

modified version of the Mohr-Coulomb failure criteria that proved to give reliable results not only for granular
materials (i.e. soil, rock, concrete) but also for metallic materials [1,9,10,12]. Moreover, the ductile damage evolution law
was modified by the authors to take into account a different accumulation during non-proportional loading paths.
Experimental works [8—10,38] pointed out that the total deformation at fracture is higher during proportional loading,
suggesting that, in case of non-proportional loading, a different mechanism for the damage accumulation has to be
considered. In the present paper, the authors took into account a previous idea developed in Hashiguchi and Tsutsumi [16]
and in Tsutsumi and Kaneko [25] for explaining the acceleration of the damage during non-proportional loading. The
damage rate is a function not only of the plastic strain rate, generated along the normal to the plastic potential, but also of
a tangential inelastic stretch generated by a deviatoric component of the stress rate, tangential to the yield surface. It is worth
mentioning that this additional contribution arises only during the non-coaxiality of the directions of the principal stresses
and strains and it is negligible whenever the coaxiality is re-established. This allows considering the different mechanisms
of the ductile damage accumulation during proportional and non-proportional loading conditions. The main results of the
paper can be summarized in the following points:

*  The implementation of the constitutive equations of the DSS model, with a damage law accounting for the
tangential plastic contributions, are shown in a simple two steps numerical example. A damage acceleration,
function of material parameters, is triggered whenever non-proportional loading condition are realized.

*  The calibration of the model parameters was done reproducing a uniaxial tensile test data for the SS400 steel. The
elastoplastic constants, chosen in this work, approximate well the uniaxial behavior of the SS400 steel reported in
Goto et al. [37].

* A single experimental test is not enough for the calibration of the MC constants, since the definition of the failure

T he present paper introduced a coupled elastoplastic and damage model for the evaluation of a thin wall steel bridge

envelope is a non-linear function in the (77,(9 ,E f) space. Therefore, an adjustment of the MC constants was done

during the calibration of the steel column subjected to unidirectional loading.

*  The investigations on the pier under unidirectional loading revealed that a better approximation of the real structure
behavior can be achieved considering the contribution to the damage of the inelastic tangential stretch.

* The analyses on the local behavior of the structure pointed out that the damage accumulation is accelerated
considerably by the NP-D law. However, a future campaign of investigation on the crack formation at the base of
the structure is needed to characterize the ductile damage behavior of the pier.

Future works will be focused to design experimental and numerical analyses for a better understanding of the ductile damage
evolution in non-proportional loading since it still represents an open challenge in the CDM community.
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NOMENCLATURE

Q
Qo

Cauchy stress, corotational stress rate

23
Ro

v

back stress, corotational back stress rate

similarity center

conjugate Cauchy stress

conjugate back stress

similarity center obsetved from the back stress
Cauchy stress observed from the back stress

Cauchy stress observed from the similatity center
tensor of the elastic constants

tensor of the elastic constants pre-multiplied by the weakening function (1-D)
isotropic-hardening function

initial size of the normal-yield surface (i.c. yield stress)
isotropic hardening variable

(=}

S
T
3

cumulative plastic variable (i.e. equivalent plastic strain), cumulative tangential plastic strain

T T Iv-n»-nfmmmwrmglmm

limit for the cumulative plastic strain plateau

>

similarity ratio (0 < R <1)

material constant describing the elastic limit of R (0 <R, <1)

plastic multiplier

material constant affecting the rate of the similarity-center

maximum ratio between the normal-yield and similarity-center surface (0< y <1).

ductile damage scalar variable (0 < D <1)
mean stress

ONS > =™
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4

4
l‘¢

O \ises von Mises stress

" stress triaxiality

o Lode angle

0 Lode angle parameter (-1 < 0<1)
g I equivalent strain at fracture

<a> McCauley’s brackets: (a) =0ifa<0; (a) =aifa>0
H[a—b] Heaviside step function: H[z—4]=0ifa—b<0; H[a—b]=1ifa—b>0
|A| norm of a generic second-order tensor A, |A| =vA:A

246




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


