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Abstract

A constitutive model that incorporates material dilation and the concept of
continuum damage mechanics is developed to predict ductile fracture of steel under
monotonic quasi-static loading. In this model, damage is assumed to be isotropic and is a
function of the state of stress and the plastic strain increment. Material dilation is
assumed to vary with the state of damage. Fracture occurs when the damage limit is
reached. The constitutive model is implemented in a finite element program. Parameters
used in the analyses are calibrated using data obtained from tension coupon tests. The
constitutive model and the process used to determine its parameters are described.

An experimental program with rounded steel coupons was conducted to acquire
test data to verify the model. A total of sixteen specimens with three different heat
treatments and different geometry were tested. Each specimen was tested until fracture
with regular stoppages during the test for taking the static readings and the digital
photographs of the deformed shape. All specimens were monotonically loaded with the
exception of two specimens, which were unloaded and reloaded intermittently during the
test. The ductility of the specimen decreases as the gage length or the transition radius or
both are reduced. The model is able to give a good prediction of the specimen
load-deformation behaviour, the deformed shape, and the instant fracture occurs. It also
captures the decrease in ductility associated with a higher hydrostatic tension stress, as
occurs in the case of a shorter gage length or a smaller transition radius.

To illustrate the application of the material model, numerical simulations are
carried out for some practical cases such as predicting the capacity and the failure of a
steel structure connection or a corroded pipe. Existing test data for slotted tubular tension
members are used in comparison. The numerical solution closely matches the measured

load-deformation response, the location of fracture and the moment fracture occurs.
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the linear dimension of the cube.
the current transverse cross-section area.

the undeformed cross-section area.

the cross-section area at fracture.

one-half crack length, or the linear dimension of the cube.

a parameter in Tvergaard's model, or a parameter used in the
numerical implementation of the proposed damage model (B =2 for
2-D, B =3 for 3-D).
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the tangential strain energy factor, or the material constant in the
model by Tai and Yang.

the critical tangential strain energy factor limit.

crack tip opening displacement.
an equation in the numerical implementation.
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calculating D, .
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the distortional strain energy density.
the dilational strain energy density.
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the void volume fraction.

the critical void volume fraction.

the void volume fraction at fracture.

a parameter in Tvergaard's model.
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an equation in the numerical implementation.

superscript i denotes the beginning of time step i.
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the energy release rate according to J-integral.
the J-integral at the crack initiation at the crack tip.
the energy release rate according to J-integral corresponds to K.

the stress intensity factor, or the material coefficient in
Ramberg-Osgood model, or a parameter in Tvergaard's model.

the stress intensity factor in mode I.
the plane strain fracture toughness for mode I.

the material coefficient in Ramberg-Osgood model.

an exponent in the function to calculate D_.

the material coefficient in Ramberg-Osgood model, or an exponent
that governs the damage rate.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Po

q
q1-92-93

r

Igsle

-
=43

~r

the p associated with D, .

the heat flux.

adjustable parameters for Tvergaard's model.

the distance from the point of crack initiation, or the radius of a sphere.
the radius of the core region, or the critical dimension when fracture
occurs.

the average radius of void.

the initial void size.
the critical void growth rate.

a parameter that governs the damage rate.
the strain energy density factor or the gross area.

the critical strain energy density factor limit.
the distortional strain energy density factor.
the effective area.

the gross cross-section area.

the deviatoric strain tensor.

the area of cracks and cavities.

time.

temperature, or the total strain energy density.

the distortional strain energy density.

the elastic distortional strain energy density.
the elastic distortional strain energy density.
the dilational strain energy density.

the elastic dilational strain energy density.

volume.
the damage limit according to the model by Tai and Yang.

the strain energy.
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Wpe - the fracture limit according to the model by Wang.

W, - the elastic strain energy density.

We - the tangential strain energy density.

y - the damage strain energy release rate.

a - a constant that depends on stress state and material properties in

CTOD, or a damage coefficient in the model by Wang, or an

increasing function of inclusion volume fraction.

d - . the crack tip opening displacement.

85 - Kronecker delta.

A - denotes changes that occur in a time step or an iteration.

As" - the sum of the initial elastic volumetric strain and the volumetric

component of strain increment.
As™ - the net strain increment after subtracting the initial elastic volumetric

strain and the volumetric component of strain increments.

€ - the strain.

e°,e§ - the elastic strain.

€eq -~ the equivalent von Misés strain.

sgq - the strain at fracture.

egq - the strain at nucleation.

el - the strain at nucleation, or the equivalent plastic strain.
eé’qc - the damage initiation equivalent plastic strain.
€& - the equivalent plastic strain at fracture.

&jj - the strain tensor.

e - the effective plastic strain.

eP,eP - the plastic strain.
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e',85 - the plastic volumetric strain.

€g - the circumferential strain.

() - the plastic potential.

Yp - the plastic deformation energy.

Ys - the specific surface energy.

(p‘ - the potential for dissipation.

A - aparameter determined from consistency equation.
c - the stress.

Gjj - the stress tensor or the Cauchy stress tensor.

Ceq - the von Misés stress.

oh - the hydrostatic stress.

o, - the ultimate tensile strength.

Gy - the yield stress.

COm - the hydrostatic stress.

oM - the stress related to €},.

og - the circumferential stress.

0 - angle.

8 - the angle of crack propagation.

v - Poisson's ratio.

~ - superposed ~ denotes the effective stresses or effective resisting area.

- superposed dot denotes the time rate of change.
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1 Introduction

In civil engineering application, steel is used extensively as one of the major
construction materials for structures and as pipes for sewage, oil and gas lines. It is
essential that the material behaviour be understood so that structures and pipelines can be
designed economically and safely.

In general, the strength of a particular type of steel is determined by testing a
simple steel rod or strip. The maximum load achieved from such a test is used to
establish the ultimate strength of the steel. However, the steel specimen tested does not
break and rupture at the instant the maximum load is reached, and instead, will undergo
further extension beyond the maximum load before breakage and rupture occur. In most
situations, such as the connections in a steel structure or a corroded pipe, the loading is
uneven across the structure. Thus, the material at different points in the structure does
not reach the ultimate strength simultaneously. In view of this, it is essential that the
actual behaviour up to the point of breakage and rupture be known so that the capacity of
the steel structure can be analyzed accurately.

Ductile fracture is the predominant mode of fracture experienced in structural
engineering applications. This mode of fracture is characterized by microvoid
coalescence, which involves material dilation due to void growth. Thus a constitutive
model for ductile fracture of steel should take into account the effect of void growth on
the material. However at present, there is no simple constitutive model that takes into
account the material dilation due to void growth. Furthermore, most existing constitutive
models for predicting ductile fracture have not been extensively verified with test data.
Thus there is a need to have a simple constitutive model that is able to predict ductile
fracture and is easily calibrated with data from a tension coupon test.

Currently, the only way to evaluate accurately the capacity of a complicated steel
structural component is through direct testing of the component. A simple material
model that is easily calibrated will provide a useful alternative, as it would allow a
numerical testing of the complicated structural components thus avoiding costly physical
tests. It provides an economical and flexible way to analyze steel structures for different

loading situations and facilitates the development of new recommendations for design

codes.
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1.1  Objective of the Thesis and Methodology Used in the Research

The objective of the thesis is to develop a material mode! that can closely
represent the behaviour of steel until fracture. A constitutive model with an isotropic
hardening that incorporates material dilation and the concept of continuum damage
mechanics is developed to predict ductile fracture for a monotonic quasi-static loading. It
is modified from the model by Lemaitre (1984) to include material dilation. In the
proposed model, damage is assumed to be isotropic and is a function of the state of stress
and the plastic strain increment. Material dilation is assumed to vary with the state of
damage. Fracture occurs when the damage limit is reached. The critical damage limit is
assumed to be proportional to the inverse square of the hydrostatic tension stress. The
constitutive model is then implemented in an existing commercial finite element program
ABAQUS through a user-defined material subroutine. Numerical analyses using the
constitutive model are performed using the updated Lagrangian formulation to better
represent the considerable change in shape that occurs before fracture. All numerical
analyses are carried out with ABAQUS.

[n order to validate the material model, test results from a number of round
tension coupons are compared to solutions predicted by the proposed material model.
Parameters used in the numerical analyses are calibrated by trial and error through the
numerical simulation to match the test result. A total of sixteen specimens with three
different heat treatments were tested: as supplied A516 grade steel without any additional
heat treatment, the same heat of A516 steel heated to 900°C then annealed, and another
batch heated to 1250°C then normalized. These coupons have different diameters,
transition radii and gage lengths. Specimens with different heat treatments and
dimensions were used in order to obtain data from materials with inherently different
ductility and from specimens experiencing different levels of hydrostatic tension stress.
Thus, these data would provide a good basis for studying the proposed constitutive
model. Digital photos of the coupons taken at different stages of loading were also used
to compare the predicted and actual deformed shape.

To illustrate the application of the material model, numerical simulations are
carried out for two practical cases: predicting the capacity and the failure of a slotted tube
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3
structural connection and a corroded pipe. Existing test data for slotted tubular tension

members are used in comparison. In a tubular tension member test, end connections are
created by cutting a longitudinal slot in the tube and inserting a gusset plate, which is
then welded to the tube using a parallel longitudinal fillet weld. A stress concentration
occurs at the slotted end for this type of connection. Depending on the stress
concentration level, premature fracture at the slotted end may reduce the capacity and the
ductility of the tension member. In corroded pipes, regions of the pipe are machined so
as to reduce the wall thickness, and thereby simulate the effects of corrosion. This
creates a weakened region in the pipe, thus inducing a stress concentration and a

reduction in the overall ductility.

1.2 Organization of the Thesis

Chapter 2 consists of a literature review on the fracture of metals. The review
includes a brief discussion of fracture mechanics. In addition, various constitutive and
failure models by other researchers for predicting fracture are presented.

In Chapter 3 the proposed continuum damage model is discussed. The chapter is
divided into two parts. The first deals with the development of the model. In this part the
assumptions, the bases for and the limitations of the model are listed. The second part
contains a description of how the model is implemented into the finite element program.

Chapter 4 contains a description of the experimental program of round tension
coupons carried out to acquire data for studying the material model.

In Chapter 5 the analytical and test results are discussed. Results from the test
program are reviewed and compared to the numerical solutions using the proposed
model. The procedure for calibrating the material properties and parameters for carrying
out the analyses are also presented. Using the calibrated parameters, numerical
simulations for all monotonically loaded specimens are performed and studied. Solutions
from fracture models by two other researchers are also included in the investigation.

In Chapter 6 the application of the proposed model is illustrated. Numerical
simulations of actual slotted tubular tension member tests and fictitious machined
corrosion pipe tests are carried out. Comparisons are made between the test and
analytical results of slotted tubular tension member tests.
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Chapter 7 consists of a summary and conclusions.
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2 Literature Review
In structural engineering, the ultimate limit states of a structural component are
generally determined by its maximum load carrying capacity. This capacity is normally
governed by either the yield strength or the tensile fracture. However, the stress
distribution is seldom uniform across a structural component. Fracture may occur before
the overall cross section reaches general yielding or tensile strength. In this situation, the
ability to predict the initiation and progression of cracks is critical in evaluating the

capacity of the component.

2.1  Introduction to Fracture Mechanics

Fracture mechanics deals with the fracture of solids. There are three basic
mechanisms of fracture for metals: microvoid coalescence, cleavage, and intergranular
fracture. Microvoid coalescence is a ductile process, whereas cleavage and intergranular
fracture are both brittle processes. These processes are greatly influenced by the
temperature. strain-rate. and triaxial stresses. A complete fracture of a structural
component normally involves the combination of ductile and brittle processes.

Cleavage is a transgranular fracture. It occurs along specific crystal planes.
Fissures for the intergranular fracture follow the grain surfaces. Both of these failure
modes involve little ductility, and thus they are not desirable in structural engineering
applications. Microvoid coalescence is also a transgranular fracture. However. this
mode of failure possesses greater ductility. and is the mode of failure preferred in
structural engineering applications. For ductile steel, microvoids form as the deformation
increases. The formation of microvoids is a result of either particle cracking, or the
separation of an inclusion, or a precipitate particle from the surrounding matrix. These
microvoids grow in size and coalesce, and eventually lead to rupture. The mechanism of
this process, as illustrated by Anderson (1991). is shown in Figure 2.1.

Toughness is a term used for describing the fracture property of a solid. It
indicates the resistance of the material to crack extension. High toughness means that a
large amount of energy is required to split the material. Conversely, low toughness
implies little energy is needed to bring about fracture. Low toughness is normally

associated with brittle materials. However, the ability of a material to absorb energy until
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fracture depends on the state of stress, the loading rate, and the temperature at which it

operates. Figure 2.2 shows the relationship of the loading rate, the temperature and the
level of energy absorption until fracture for steel. The level of energy absorption

increases with higher temperature and slower loading rate.

2.2 Classical Fracture Mechanics

Griffith (1921) was first to introduce a quantitative relation for the fracture of
cracked solids. For the configuration shown in Figure 2.3, Griffith deduced that the
equilibrium condition at which the energy released by the crack growth is equal to the

energy required to create the new surfaces for a plane strain state is given by

’21—3{.
c=,—. 2.1
yido (

= modulus of elasticity,
¢ = applied stress,
Y, = specific surface energy and
b = one-half crack width.
The elastic energy release rate per crack tip is
. o°nb
G= = (2.2)

G is per unit plate thickness and per unit crack extension. In the formulation for the
critical stress at the equilibrium state, the crack is assumed to be very sharp. Gritfith's
findings are based on test results using glass. However unlike glass, which is very brittle.
most engineering materials experience considerable plastic deformation in conjunction
with crack growth. Irwin (1947) extended Griffith's equation to include plasticity at the

crack tip. The modified equation introduces an additional term y,, to (2.1), and yields

2E(vs +7p)

7 bl
ntb (-3)

and y,, is the plastic deformation energy. The energy release rate G is the driving force

for the crack growth. Unstable crack growth occurs when the energy release rate exceeds

the energy consumed to create a longer crack. Subsequent advances in fracture
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mechanics utilize the energy release rate approach as a basis in quantifying the fracture

relations of cracked solids for engineering applications.

Currently, there are three established approaches in dealing with fracture of
cracked solids: linear elastic fracture mechanics (LEFM), which uses the stress intensity
factor K; elastic-plastic fracture mechanics (EPFM), which uses the J-integral; and the
crack tip opening displacement (CTOD) method. In LEFM for plane strain conditions,

the stress intensity factor K is related to the energy release rate through

(1-v>)K?

G= with (2.4)

v = Poisson's ratio.
As the name implies. this relationship only applies for the situation where there is little or
essentially no crack tip plasticity. Mode [ (tensile) fracture is the mode most often

encountered in engineering applications. The stress intensity factor limit for Mode I.
denoted as K. is determined through testing of each material. This limit provides a
measure of the material fracture toughness. and is used in the design or the evaluation of
a cracked solid. In order to obtain a valid K|, value, the test specimen must experience

little crack tip plasticity and the region at the crack tip must be predominantly in a state of

plane strain. For a tough material, however. there is considerable plasticity at the crack
tip. Thus. there may be no practical way of obtaining a valid K. directly from the test.
Furthermore. the energy release rate G cannot be determined by the elastic stress field if
there is significant plasticity. Rice (1968) applied the path independent J-integral to
determine the energy release rate where the plasticity effect is appreciable. J is

equivalent to the energy release rate G. Analogous to K., Jic can be used to characterize
the fracture toughness of the material. The relationship between K. and Ji. can be
expressed as

_U-vI)Ki

J
Ie E

(2.5)

The size requirement for the test specimen to obtain a valid J;. value is much smaller than

for Ki.. The third approach is CTOD method. The CTOD method is valid for both

elastic and elastic-plastic conditions. This method is more empirical compared to LEFM
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and EPFM. Similar to K. and Ji, there is also a corresponding CTOD limit. However

unlike Kjc and Ji, the CTOD limit only applies to each specific plate thickness tested.
The relationship between J and CTOD is
J =o:0'y8 with (2.6)

a constant that depends on stress state and material properties,

G, = yield stress and

) CTOD.

A more thorough treatment of LEFM, EPFM and CTOD can be found in Anderson
(1991). Broek (1986) and Hertzberg (1989).

2.3 Recent Developments

In the Griffith-Irwin approach to linear elastic fracture mechanics. a crack is
assumed to propagate if the energy release rate due to the crack advance is greater than
the energy required to form new fractured surfaces. A crack is assumed to grow in a
self-similar manner and its corresponding energy release rates are G, Gy and Gy for
fractures in modes . II and III (tension, shear and tearing), respectively. The assumption
that the crack will grow in a self-similar manner is valid for the mode [ fracture.
However. for mode II and IIL. a crack does not grow along the crack plane. Thus. in
order to use the energy release rate approach for mixed mode problems. the crack growth
direction has to be known in advance. Furthermore. there is a need to have a better
approach than the LEFM, EPFM and CTOD methods to deal with ductile fracture. Even
in EPFM. the material behaviour is not truly elastic-plastic. In the formulation for the
Hutchinson-Rice-Rosengren (HRR) stress field in EPFM by Rice and Rosengren (1968).
and Hutchinson (1968), the material is assumed to follow the recoverable deformation
theory of plasticity, which essentially is hyperelastic behaviour. Due to the limitation of
the original Griffith-Irwin approach, various fracture criteria have been proposed to
address the mixed mode fracture problems and to predict the direction of crack growth.

for both brittle and ductile fractures.
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2.3.1 Brittle Fracture

Most of the new criteria dealing with brittle fracture utilize the K-field (stress
field from LEFM) and HRR field (stress field from EPFM) to predict the crack growth
direction and initiation. Some of these criteria were further extended to include ductile
fracture. However, the validity of these extensions is questionable since they were
originally developed based on the K-field. There are limitations to the applications of
these criteria. First, it is difficult to implement these criteria in a finite element analysis.
Second, the calculation for the material damage to indicate the onset of crack growth is
measured at a distance away from the crack tip. However, the crack initiation is triggered

by the damage at the crack tip. A few examples of these criteria are presented below.

2.3.1.1 S-Criterion: Total Strain Energy Density Criterion
Sih (1973a, b) proposed a criterion using total strain energy density to predict the
crack advance for brittle fracture. There are two basic assumptions in his criterion.

i) The crack will extend towards the point of minimum total strain energy density
(the maximum potential energy density) along a circular path centered at the
crack-tip.

ii) The onset of the crack propagation coincides with the minimum total strain
energy density factor S attaining its critical value S.. The strain energy density
factor S is defined as

S =(dW/dV)/r. (2.7)
W is the strain energy. V is the volume, (dW/dV) is the strain energy density and r

is the distance from the point of crack initiation such as a crack tip.

-+

Assumption (i) can be satisfied by having — =0 and >0 at 6 =0*. where S

o 80’
is evaluated along a path with constant r (circular), and 6* is the angle of crack
propagation. The distance r has to be outside a circular core region of radius r,.
but the value of r, was not clearly defined. The critical strain energy factor S is

defined as

_(1+v)(1-2v)Kj,

Se 2xE

(2.8)
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where v is the Poisson's ratio, E is the Young's modulus and K|, is the fracture

toughness.
The criterion was further modified by Sih and Madenci (1983), and Sih and Li (1993) to
include elastic-plastic behaviour and subcritical crack growth. The S-Criterion in its new

form involves three hypotheses:
i) Evaluating the total strain energy density (dW/dV) along the path of constant r,
fracture is assumed to coincide with the location of the largest total strain energy
density (dW/dV)7 among all the local minimums, and yielding is assumed to

coincide with the location of the maximum total strain energy density

(dW/dV)™* . This hypothesis is illustrated in Figure 2.4.

max °

ii) Crack growth occurs when (AW /dV)™=" reaches its critical value (dW/dV); and

min
vielding occurs when (dW/dV)T3" reaches its critical value (dW/dV),.

iii) Stable crack growth or yielding growth will proceed until the incremental growth

r exceeds a critical value r. or r, at which point the growth becomes unstable.

The amount of incremental growth ry, ra, r3,...... I¢ O Iy is governed by
dw) (dW) S, S S S, S
(—) or(—) =2 =22_ . =20 o . =ZCor— = constant. (2.09)
dv ). \dV ), n n Iy P

S, is the same as before for the brittle fracture. r and r, are the ligament lengths
that identify with the onset of unstable growth for fracture and yielding
respectively.
The total strain energy density dW/dV can be separated into the strain energy density due
to the plastic deformation (dW/dV), and the elastic strain energy density (dW/dV)‘ where

dW/dV = (dW/dV), + (dW/dV)‘. The critical values (dW/ dV): and (dW/dV). are

defined as follows:

() (&) (), 210
av ). \av ), "ldv ),

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1
daw) &
(d_v)c = qudeu . (2.1 1)

(dW/dV) is the strain energy absorbed until fracture and (dW/dV): is the strain energy

density prior to reaching the critical value. For a hyperelastic matenial,

(dW/dV), = (dW/dV),.

2.3.1.2 T-Criterion: Dilational Strain Energy Density Criterion
Theocaris and Andrianopoulos (1982) proposed a fracture criterion based on the
maximum dilational strain energy density as opposed to the minimum total strain energy
density used in the S-Criterion. The total strain energy is divided into the distortional
strain energy density T4 and the dilational strain energy density T, where T, is associated
with the volume change. The criterion assumes that:
i) A crack starts to propagate when the maximum dilational strain energy density at

the vicinity of the crack tip reaches a critical value. T, .

T, |H, >T, o (2.12)

where T,| . is the maximum dilational strain energy density and 8* is the

direction of the crack growth.

ii) The crack will propagate in the direction of the maximum dilational strain energy

T,

. where T, is evaluated along the contour of the elastic-plastic boundary

(the path where distortional strain energy T4 is constant).

eT,

k =0. (2.13)
09 0=6.

2
aa;' <0. (2.14)

6=0"
Andrianopoulos and Theocaris (1988) outlined the procedure to calculate the crack

initiation load using the T-Criterion. The direction of the crack growth is still determined
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by the maximum T, along the elastic-plastic boundary. However, to determine the crack

growth load, the T, oo" from assumption (i) is calculated at a location other than the

point on the elastic-plastic boundary. It is calculated at a point r(6*)s and at the angle 6*
from the crack tip. The angle B is the included angle made by the far field uniaxial load
and the crack plane. The distance r(6*)g is defined as follows:
i) For a brittle material, after the initial creation of a small plastic zone, the plastic
zone is assumed to retain its shape, which is independent of any further increase
of the far field load. The radius of this zone is defined by

r(6*)g = r(0°)p=90° = rc = constant (2.135)

where r. is the radius of the core region. r, is independent of angle p.

ii) For a ductile material, r(6*)s is defined as the distance to the elastic-plastic
boundary at some intermediate far field applied load o;g. which is defined by
Gip = Cip=90° = constant. (2.16)

At this load, the local plasticity zone is assumed to cease expanding with further

increase of far field load. The distance r(8*)g is measured at an angle (6*)g and is

dependent on the angle B.

Theocaris and Philippinis (1987) further qualified that the formulation stated
above is limited to small-scale yielding and proposed a modification to the T-criterion for
large scale yielding using the HRR singularity field. For large scale yielding. the
assumptions become:

i) Crack initiation occurs when the total strain energy density T equals or is greater
than the critical value T, where T, is a material constant.
T=[(Ty + Taa + (T I = (T + Tadet + (Tat ™ 2 T (2.17)
T is evaluated at a point r, away and at an angle 6* from the crack tip.
to=J/oy (2.18)
where J is the value of the J integral at crack initiation for mode [ fracture and o,
is the yield stress under uniaxial conditions. T, is the elastic dilational strain

energy density, Ty is the elastic distortional strain energy density, T4y is the
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plastic distortional strain energy density. The plastic dilational strain energy is

zero due to the assumption that the plastic deformation is isochoric.
if) The crack will propagate in the direction of the maximum elastic dilational strain

energy density where T, is evaluated along a contour of constant effective stress

2 3 . oo
Geq Where 6 = ;)—SijSij and S;; is the deviatoric stress tensor.

2.3.1.3 Distortional Strain Energy Density Criterion

Two versions of distortional strain energy density criteria have been proposed by
Jayatilaka etal. (1977) and Yehia (1991). Both criteria deal only with small-scale
yielding and brittle fracture. Letting (dW/dV)r be the total strain energy density.
(dW/dV), the distortional strain energy, (dW/dV), the dilational strain energy density and
r the radius from the crack tip, these two criteria can be summarized as follows:

In the proposal by Jayatilaka et al.,

i) The direction of the crack growth coincides with the direction where
(dW/dV)y, which is evaluated along a contour with a constant r. is a
minimum. A cut-off point for r is introduced because the strain energy
density becomes singular as r tends to zero.

ii) Crack growth occurs when (dW/dV)r. corresponding to the minimum
(dW/dV)q, is greater than or equal to a critical value.

Using the singular stress field (K-field), the above two conditions are shown to be

equivalent to
d’s
i) di:o and —2 >0 at 6 =0*, and (2.19)
de do-
il) S>S,at 0 =06* for crack growth to occur (2.20)

where S =(dW/dV)r /r, S, is the critical value of S and Sq=(dW/dV)4r. In
Yehia's approach, for a crack in an infinite plane plate, the criterion postulates that
the crack will grow in the direction where the distance from the crack tip to the
elastic-plastic boundary is a minimum. The elastic-plastic boundary can be
defined by a physically and mathematically sound yield criteria. Using the

singular stress field (K-field), the criterion is expressed as follows:
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: d (dW d* (dw
4(dW) 4 and W) 0 ate=6* 221
) de(dv)d ’(dv)d> y @20

(dW/dV)4 is evaluated along a constant distance r, from the crack tip and
0* is the angle that coincides with the minimum (dW/dV)q.
it) (dW/dV)4 2 (dW/dV)gp at 6 = 6* is required for the crack growth to occur
where r, and (dW/dV)qy are defined as

2
r, = —L for plane stress, (2.22)
211:0‘;
2
I, = K":, (1- ?.v)2 for plane strain, and (2.23)
ch;
2
(QV_) = G_‘ (2.24)
dVv J4o 6G

where v is the Poisson's ratio. G is the shear modulus, o, is the uniaxial

vield strength. K| and K, are the fracture toughness.

2.3.1.4 Maximum Tangential Strain Energy Density Criterion
Koo and Choy (1991) proposed a criterion using the tangential strain energy
density for brittle fracture. The only difference between this criterion and the S-Criterion
for brittle fracture is the strain energy density component used as the governing
parameter. This criterion assumes:
i) The crack growth occurs along the direction 6* where the tangential strain energy
density (C) is a maximum. The tangential strain energy factor is evaluated along

a contour of equal radial distance from the crack tip. It can be shown as

- 2
£=0 and 0 S
co 56~

<0 at6=0* (

!\)
19
N
A

where C = Wy/r and Wy = %GQSQ_WQ is the tangential strain energy density. r is

the radial distance from the crack tip, o is the tangential (circumferential) stress

and gy is the tangential strain.
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ii) Crack growth occurs when the tangential strain energy factor reaches a critical

value C,, where
(1-2v)K3
Ce = T“ (2.26)

v is the Poisson's ratio, G is the shear modulus and K| is the fracture toughness.

2.3.2 Ductile Fracture

Ductile fracture is a result of microvoid coalescence (see Figure 2.1). Microvoids
start to nucleate at a certain stage of deformation. These voids then grow and coalesce.
Rupture occurs when the voids join together to create a macrocrack. Bluhm and
Morissey (1965) investigated this phenomenon by testing cylindrical tensile specimens.
Void sizes greater than 0.001 inch were not detected until significant necking had
occurred. The density of the voids was observed to increase with deformation. While the
voids grow and coalesce. there is not a significant drop in the load carrying capacity of
the specimen. The sudden drop in the capacity only happens when the specimen ruptures
around the neck region. McClintock (1968) calculated the growth of circular and
elliptical cylindrical holes in a plastic material. Failure was assumed to occur when the
holes touched each other. Rice and Tracey (1969) studied the rate of growth of an
isolated spherical void in infinite media. Both McClintock. and Rice and Tracey found
that hydrostatic tension has an inverse effect on the strain at fracture. Hancock and

Mackenzie (1976) also determined that on/G.q has an inverse etfect on the plastic

fracture strain of their notched circular rod specimens (o is the hydrostatic stress.
3 . i
o*;zq = ;SijSij and S;; is the deviatoric stress).

Various approaches have been proposed to model ductile fracture based on the
observed physical process. These approaches utilize different parameters as the measure
for fracture and are normally termed as the local damage approach. These parameters are
the critical damage state in a continuum damage mechanics model, the critical void
volume fraction, the critical void growth rate. the absorbed energy till fracture or other

parameters that are integrated over the plastic strain.
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2.3.2.1 Absorbed Strain Energy till Fracture

Gillemot (1976), Czoboly et al. (1982) and Matic et al. (1987) used the absorbed
(critical) strain energy density (dW/dV). till fracture as a measure of the fracture
toughness. The material is assumed to be able to absorb the strain energy density up to a
critical value before fracture occurs. The absorbed strain energy density consists of the
plastic and elastic strain energy density, which includes the strain energy density loss in
hysteresis loops. In his testing, Gillemot found that (dW/dV). is almost constant for
different loading conditions (tension, compression—tension and cyclic—tension).
However, Matic et al. found (dW/dV), to be dependent on loading type (proportional and
non-proportional loading). More detailed study is required to determine the load path

dependency of (dW/dV).. Gillemot and Czoboly et al. associate the critical strain energy

density (dW/dV), with the critical energy release rate G.. Using (dW/dV), for a material
similar to that of Matic et al. (1987). Degiorgi et al. (1989) closely predicted the CMOD
(crack mouth opening displacement) versus the load up to crack initiation. and the crack

initiation load of a compact tension specimen.

2.3.2.2 Continuum Damage Mechanics

Lemaitre (1984. 19835) proposed using continuum damage mechanics to model
ductile fracture. In this model. the effect of void and crack formation is reflected in the
parameter D. which is a measure of the damage state. A value of zero for D represents no
damage and a value of unity signifies complete damage. Local rupture occurs when D
attains a critical value D.. This indicates the complete loss of the local load carrying
capability. The parameter D is the ratio of the effective resisting area lost over the gross

area. The damage increases the effective stress experienced by the material.

where S is the gross area and S is the effective resisting area.

6=——, 2.28
-D (2.28)
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o is the nominal stress and & is the effective stress. As shown in Figure 2.5, the nominal

stress is the average stress over the gross area including voids. The effective stress is the
actual stress experienced by the material matrix. In the case of the effective stress, the
cross-section area under consideration excludes the area occupied by voids. The material
response at the macro level is thus softened by the parameter D. For example, the

constitutive equations for isotropic damage are modified as follows:

c

= -D)E

(2.29)

where E is the Young's modulus and € is the strain.

M
gP {-"-—] (2.30)
(1-D)K

is the Ramberg-Osgood model where K and M are the material coetficient and €” is the
plastic strain. Lemaitre (1992) illustrated how damage is incorporated in the associated
flow rule and discussed different methods of measuring the damage state. For isotropic
damage. the evolution of D is described by the potential tor dissipation ¢ . The potential

@ is a scalar function
(p‘(é" .p.v.q:€°.T.p.D), (2.31)
where ' "' indicates the time rate of change,

€” and € are the plastic and elastic strains respectively,
p is the equivalent accumulated plastic strain.

T is the temperature and q is the heat flux,

12| =

2.,
p=(§a:e,‘}) . (2.32)

_ 14w,
Y=3p

atconstantc and T. (2.33)

The differential function %dd“l;c is called the damage strain energy release rate. W, is the

elastic strain energy density. For ductile fracture, the rate of change in D is given by

= de if p>pp (2.34)
dy
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where pp is the plastic strain threshold below which no damage occurs. One of the

damage rate expressions suggested by Lemaitre (1984) is

D =%p (2.35)

2
. + S -, . . .
with ¢ = ;(l) p where s is a temperature dependent material coefficient. y can also
s

be written in terms of the equivalent stress Geq, and the hydrostatic stress o, as follows:

2

y=—8_ 20430 -zv)(h) with (2.36)
2E(1-D)-| 3 Oeq
!
o = G(cu -8,0,)(c, -3,0. )) " (2.37)

v is the Poisson’s ratio and §;; is the Kronecker delta. The rate of change of D proposed
by Lemaitre depends on stress triaxiality. The critical damage state D. is a material
constant. Lemaitre also discussed how continuum damage mechanics can be used to
model brittle fracture. fatigue fracture. and anisotropic damage. Chow and Wang (1987a.
b and 1988) develop an anisotropic theory of damage continuum mechanics and
compared their numerical solution. using the anisotropic model. with the results of a
center crack tensile specimen. However. they calibrated the model with only a single test
specimen.

Based on the continuum damage mechanics model by Lemaitre. for
Ramberg-Osgood hardening model. Tai and Yang (1987) proposed a damage limit V¢

for Vp where

P ( ) 2
Vp = If . ]dP and f( = )z%(l+v)+3(1—2v) Om | (2.38)
o \%ea Ceq) ° Ocq
( 2
D=DCf] Zm Jf)p“ (2.39)
\ Ceq

where C is a material constant and n is the hardening coefficient.

ln[l) =C /(“—m]p (2.40)
Do Oeq
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and D, is the initial damage at a very small strain. Tai and Yang state that Vpc can be
taken as a material constant and they also demonstrate how Ji is associated to In(D./D,)
and Vpc.

Wang (1992a, b) proposed another damage limit Wpc that is shown to be more
loading independent than the criterion by Tai and Yang (1987). The analytical solutions
from this model are compared to test results for different triaxial states of stress. This
model differs slightly from Lemaitre continuum damage mechanics in the definition of
D and the plastic strain p.

i

i
2 2 . (2.p.p)2
p=(§sgsg) and p=(gegeg) . (2.41)
o1
D:(.g_)__(pc pl‘;) p (2.42)
c,
with the relationship a “;)) = KpN based on the Ramberg-Osgood hardening law.

where K and N are constant. S is a temperature dependent material constant. « is a

damage coefticient and p, is the value of p associated with D.

p
Wp = fa/(zm J(pc -p)*~'dp (2.43)

Po b

which gives Wpc when p=p. and p, is the initial p that is associated with D,. [n the
continuum damage mechanics approaches reviewed. none of the proposals considers the

volume change associated with the void growth observed in ductile fracture.

2.3.2.3 Void Volume Fraction Criteria

Gurson (1977a, b) proposed a constitutive model that takes into account the
nucleation and growth of voids in ductile fracture. The plastic potential function involves
the void volume fraction, the deviatoric stress Sj;, and the hydrostatic stress 6. Thus, in
this model, there is a volume change associated with plastic deformation as a result of the

void growth. The void volume fraction also comes directly out of the model. The basic
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form of the plastic potential, modified by Tvergaard (1982), Tvergaard and Needleman

(1984), and Sun et al. (1989) can be generalized as

3S;:S:: -
) =#+2[‘ql cosh(%‘-)-{“’(%f )} =0. (2.44)
M M

f * is a function of void volume fraction f- qui, q2 and q; are adjustable parameters. o, is

assumed to depend on the effective plastic strain sgd through a uniaxial true stress-natural

strain curve.
. 1 1. .
&l =(E_-E}5M’ (2.43)
t
ek =(1- f)Eloum (2.46)

and eg is the Lagrangian strain. E is Young's Modulus and E; is the current tangent

modulus.

&= a2 (2.47)
) Ccij

where A is determined from the consistency equation. For q2=0 and q;=q;. local

fracture occurs when f = 1/q;. f is defined as

. { f for f < f,

= 9.
S = Jo+RU-f)  forf2f, (2:48)

where f; is a critical void volume fraction. K is a parameter related to g;. /. and the void

volume fraction at fracture fz. The growth rate of the void volume fraction is divided into

void growth and void nucleation.

f = f growth + f nucleation with (2.49)
fgm\\th =(1 -f)éEk . and (2.50)
fnuclc‘alion =B(6y +6p) + Dé& . (2.51)

For void formation controlled only by the strain. D is a function of €}, and B=0. Using

the modified Gurson model, Tvergaard (1982) studied ductile fracture by cavity
nucleation between larger periodic distributed cylindrical voids. Tvergaard and

Needleman (1984) further carried out numerical analyses of the cup-cone fracture of a
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round tensile bar using the modified Gurson model. Sunetal. (1989) compared the

numerical solution using the modified model with the results from tests on compact
tension (CT) specimens and notched round rods, and found the result to be good.
However, Shi et al. (1991) in their tests on cracked specimens, found that void volume
fraction at the onset of crack growth is not a material constant. It depends on the

geometry constraint and stress triaxiality.

2.3.2.4 Other Damage Limits
Other forms of damage limits have been proposed. Norris et al. (1978) proposed
a limit based on D.. Fracture starts when D reaches D, over the critical dimension r.. D

is detined as

voogldt’
D(1) = j’L (2.52)
o l—con(t)

19| —

,
where egq = (:egeg) . ¢ is a constant and Gy, is the hydrostatic (mean) stress.
J

Another limit is based on the critical void growth rate (R/R,).. R is the average
radius of the void and the R, is the initial void size. which can be considered the size of
the inclusion. Rupture is considered to have occurred if R/R, exceeds (R/R).. In their
tests. Shi et al. (1991) and Marini et al. (1985) found that the critical void growth rate can
be considered independent of stress triaxiality as a first approximation. Sun et al. (1989)
and Marini et al. (1985) have also implemented the criterion into a finite element model
based on the void growth function by Rice and Tracey (1969). Their analytical solutions
seem to agree with the test results on notched circular bars. The void growth function
used is

dR

3
— = aexp(—
R 20y

Om

e g (2.53)

where a is an increasing function of inclusion volume fraction, oy, is the hydrostatic

stress, Gy is the equivalent von Misés stress and & is the equivalent von Misés strain.
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Inf — | = | aexp(=—2)de,, . (2.54)
[ RO ]c 8:‘[ 2 Geq *

egq is the strain at fracture and sgq is the strain at nucleation.
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Figure 2.1 Mechanism of ductile fracture in metal.
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Figure 2.3 Through-thickness crack in an infinitely wide
plate subjected to a remote tensile stress.
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damage mechanics.
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3 Proposed Model

The type of the fracture experienced by a steel specimen is affected by factors
such as the hydrostatic tension, loading rate and temperature. Depending on these
factors, the process of fracture can either be ductile or brittle. A constitutive model
should take into account the effects these factors have on the material. As ductile fracture
is the predominant mode of fracture experienced in using steel in structural engineering
applications, a constitutive model is developed hereinafter to predict this mode of failure

in steel structures.

3.1  Basis of the Model

McClintock (1968). Rice and Tracey (1969). Hancock and Mackenzie (1976)
observed that hydrostatic tension has an inverse effect on the plastic fracture strain.
Furthermore, the microvoid coalescence mode ductile fracture involves material dilation
due to void growth. Thus, a constitutive model for ductile fracture of steel should take
into account the effects of these phenomena. The continuum damage mechanics model
proposed by Lemaitre (1984, 1985) considers the intluence of hydrostatic tension on the
plastic fracture strain. However. the model has no provision for material dilation due to
void growth. A new model. which incorporates the plastic volume change. is developed
based on continuum damage mechanics using the isotropic damage parameter proposed
by Lemaitre. The model does not differentiate between damage due to void nucleation
and damage due to void growth. For ductile material, the overall damage at fracture is
caused mainly by void growth. Thus, both damage components are assumed to involve
material dilation even though void nucleation does not result in any change in volume.
The effect of the loading rate on fracture is also discounted in the model. Thus, only
quasi-static loading can be applied with the model. Following Lemaitre's proposal.
parameters associated with the isotropic damage evolution are temperature dependent.

The final process of ductile fracture is the coalescence of voids. This process
involves the formation of a continuous fracture surface interconnecting large voids. In
tension coupon tests conducted by Le Royetal. (1981), Bluhm and Morissey (1965).
Hancock and Mackenzie (1976), and Cox and Low (1974), the final process was found to

be closely associated with a sudden drop in the load. But no single large series of
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connected voids was detected until close to or beyond the sudden drop of the load. Cox

and Low noticed that voids coalescence started at around 80% of the fracture strain, and
the initial phase of the coalescence process involves connecting voids into a collection of
short cracks. However, the initiation of the uncontrolled crack growth that coincides with
the sudden drop of load only occurred when the collection of cracks joined together to
form a single crack that was about 5 to 10% the diameter of the test specimen. Since
void coalescence mainly involves connecting voids through the crack propagation, it
should be influenced by the state of stress and the state of damage similar to the classical
fracture mechanics theory. The stability of crack propagation also depends on other
factors such as the specimen size, the relative stiffness of the testing machine and the test
specimen, the loading rate and the dynamic effect of crack propagation.

In the proposed model, only the effects of the damage and stress states will be
considered in triggering void coalescence. A simple relationship is established between
the state of stress and the critical damage limit at which point fracture occurs. The
treatment can be viewed in the context of linear elastic fracture mechanics where flaws
are now replaced by voids or the state of damage. [n linear elastic fracture mechanics,
the required flaw size for attaining the stress intensity factor K for unstable crack
propagation varies inversely with the stress level. Analogous to the flaw size. the critical
state of damage for crack initiation and propagation is assumed to vary inversely with
some measure of the state of stress. In addition, it is assumed that once a crack is
initiated and voids start to coalesce. complete local fracture occurs instantly without any
stable local crack propagation. In Lemaitre's model. the critical damage limit is assumed
to be a material constant.

Other than the criterion by Chow and Wang (1987a, b and 1988), all the ductile
fracture criteria reviewed in Chapter 2 have constant fracture limits that are independent
of the stress state at the time fracture occurs. Most of these constitutive models do not
consider material dilation due to void growth. Only the material models by Gurson
(1977a, b) and the modified version by Tvergaard (1982) include the volume change due
to void growth. However parameters for Gurson's or Tvergaard's material model are

difficult to calibrate from a tension coupon test.
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3.2  Physical Interpretation and Assumptions

In a damaged body, cracks and cavities reduce the effective area carrying stress.

Referring to Figure 3.1, let S, be the gross cross-section area, S, the area of cracks and

cavities, and S, the effective area. The damage variable on a surface with the unit normal

n; can be defined as
D;=-% =< (3.1)

where S; =S¢ +S,. The undamaged state is given by D =0. and the complete damaged

state by D = 1. Fracture occurs when the damage variable reaches a critical value D, and
in all cases it is less than unity. Under isotropic damage, cracks and cavities are assumed
to be distributed uniformly in all directions, and the damage variable is orientation
independent. Since the proposed model deals only with isotropic damage. the isotropic
damage variable from this point on will be referred to as D without any reference to the
direction. To account for void growth, the plastic volume increase in this model is
coupled to the state of damage. The assumed relationship between voids and the state of
damage is shown in Figure 3.2. Voids in the damaged body are assumed to be spherical
and uniformly distributed in regions of constant damage. The surfaces of the cube

depicted in the figure represent midpoints between voids.

(73]
(93]

Mathematical Formulation and Assumptions
Using the traditional elastic-plastic material model as a basis for the formulation.

the total strain for the proposed constitutive model can be written as
— et p v -

€ =&jj +&j; +&j (3.2)

where gj; is the elastic strain, eg. is the non-dilational plastic strain and € is the plastic

volumetric strain due to the damage and void growth. The elastic strain is given by

l - -
sfj =E(I—_D)-[(l-t-v)o‘ij -vo 8l (3.3)
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and E is the elastic modulus, v is Poisson’s ratio and oj; is the Cauchy stress tensor.

Non-dilational plastic strains (referred to as plastic strain henceforth) are assumed to

follow the incremental flow theory of plasticity and the small change of 85 is defined as

~

3deP. S.  3deP S..
def = qaw _ Ty (3.4)
26’cq 20'cq

where a superposed ~ denotes the effective stresses with 6‘ij =0y /(1-D),

S; =S;/(1-D) and G =04 /(1-D).

- 172 1/72
Seq =1 5 i =1 51%i%; g"pp"qq . %
- 2 oo 172 .

Sjj is the deviatoric stress tensor, sgis the plastic strain tensor and a superposed dot

denotes the time rate of change. The equivalent etfective stress G, is assumed to be a

q

function of the equivalent plastic strainef, .

The plastic volumetric strain and its relationship to the damage variable can be
illustrated by referring to Figure 3.2. The smallest solid area is given by the cross-section
at the mid-length of the cube. Assuming the voids are spherical and uniformly
distributed. and the side dimension of the cube represents the spacing between voids. the

damage variable can be written as

p=2_. (3.7)
g

[n the model, the material matrix undergoes no plastic volume change. Thus. the volume
of the matrix in the undamaged and damaged states is the same. By taking the
undamaged dimension of the cube as unity, the volume of the cube in the damaged state

is as follows:

as—imz' =1.

3 (3.8)
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Substituting for r from (3.7) and rearranging (3.8), the volume of the cube can be written

as
!
a3=[l-i -D—J and (3.9)
3V = .
Epx = ln(a3) (3.10)

because the assumed undamaged volume is unity. Since the voids are assumed to

spherical and uniformly distributed, the normal plastic volumetric strains are equal in all

directions (&|; =€, =¢€33) and the shear components are zero. Therefore, plastic

volumetric strains can be written as € =g8;/3. Thus, the plastic volume change is

related to the damage variable through

¢ 1 4 ,03 -
sij =--§In[l-—§ —n—]ﬁu. (3.11)

The isotropic damage evolution for the proposed model is assumed to follow the form

proposed by Lemaitre (1984, 1985). The change in the damage variable D is defined as

n
~ [y .p -
D= (-S-) €eq (3.12)
where s and n are material and temperature dependent coefficients, y is the damage strain

energy release rate

2

G:Tq 2 a Oy v ra
y=——————| =(l+Vv)+ 3(1=2v)| — . (3.13)
2E(1-D)"| > Ceq
oy, is the hydrostatic stress
Oh =%Gii‘ (.14

L.

Bridgman (1947) observed that the ductility of a steel specimen increases with the
hydrostatic pressure. The steel specimen in Bridgman's test was able to neck almost to a
point when sufficiently large hydrostatic pressure was applied. For this reason, it is
assumed that there is no increase in the state of damage when the hydrostatic stress is

negative. Similar to Lemaitre's proposal, damage is only initiated when the equivalent
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plastic strain €? exceeds a certain value. The change in the damage variable D is

eq
defined as
y n
dD =(;) defy when el >ef; and & >0, and (3.15)
dD =0 when ecpq Squc or g; <0. (3.16)

egqc is the damage initiation equivalent plastic strain value below which no damage
occurs, and it is a function of oy, /o, . Following Lemaitre, it is assumed that

eP
eq. "
= constant. 3.17

P
Eeqp

In (3.17), the loading is such that ¢, /0, is constant. The parameter e{.’qf is the

equivalent plastic strain at fracture corresponding to D, and constant 6} /. loading.

In linear elastic fracture mechanics, the plane strain fracture toughness is
significantly lower than the plane stress fracture toughness. The reduction in the fracture
toughness (K.) for plane strain conditions is attributed to the higher hydrostatic tension
developed at the crack tip due to the plane strain constraint. As stated before. the steel
specimen in Bridgman's test was able to neck almost to a point when sutficiently large
hydrostatic pressure was applied. Thus. it is generally agreed that the hydrostatic tension
stress has a great intluence on the crack initiation and unstable crack propagation. With
this in mind and together with the assumptions made in Section 3.1. a simple relationship

is developed for the critical damage limit where

D. = D°m <0.7854 when o, > 0 and (3.18)
(oh)
D, =0.7854 when o, <0. (3.19)

D, is a material constant that needs to be calibrated from the numerical simulation of the

material test, the value of 0.7854 is the damage level at which two adjacent voids touch
each other and m is a constant. For an infinitely wide plate with a single through crack

subjected to a uniform tension stress, the mode I stress intensity factor is given by
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K; =ovrb (3.20)

where b is the flaw size and o is the uniform stress. Rearranging (3.20) gives

-

K-
- or b, =—I¢ 3.21
(o)~ ¢ (o)” ( )

2
l

b=

where b, is the critical flaw size. Based on (3.21), the exponent m in (3.18) is assumed to
be equal to 2. As a result, the relationship between the critical damage limit and the
hydrostatic tension stress in (3.18) becomes

Do

D. = .
© (o4)?

(3.22)

Compared to (3.21), D, can be considered as the limit when fracture occurs analogous to

the critical flaw size b, and D, as an equivalent to the fracture toughness similar to K7..

3.4  Summary of the Assumptions and Limitations for the Proposed Model
The assumptions and the limitations for the proposed model are listed below.

i) The effect of loading rate is not considered. thus the model is limited to quasi-static
loading.

ii) Plastic strains are assumed to follow the incremental flow theory of plasticity and
isotropic hardening. This works fine with monotonic loading. However. isotropic
hardening does not capture the behaviour of steel very well in cyclic loading when the
stress reversal is large.

iii) Damage is assumed to be isotropic and is a function of the state of stress and the

plastic strain increment. Additional damage only occurs if the hydrostatic stress is

positive and the damage initiation equivalent plastic strain egqc is exceeded.

iv) The damage initiation equivalent plastic strain sgqc is function of 6y /G-

v) Material dilation is assumed to vary with the state of damage. Voids due to damage
are assumed to be spherical and uniformly distributed.
vi) Fracture is assumed to occur locally when the critical damage limit is reached. The

damage limit is assumed to vary inversely to the square of the hydrostatic tension

stress.
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-

3.5  Numerical Implementation in ABAQUS

The finite element program ABAQUS (1997) was employed to evaluate and
apply the proposed constitutive model. This computer program allows users to introduce
their own material models in subroutines that are incorporated into the program. The
program will call the subroutine for each material calculation point. At each iteration, the
program passes to the subroutine, the information regarding the state of the material at
the beginning of a time step including the strain increment for that step. In return, the
subroutine passes back the information on the state of the material at the end of a time
step. In addition, the subroutine must also supply the Jacobian matrix, dAc/dAg, for the

constitutive model at the end of a time step, where Ac are the stress increments and Ae

are the strain increments. In short, the program passes in o', D', €', (e’ (7). A€'. to

the subroutine, and it passes back !, DM, ei*l, (e:@’q)i"l , (€° )M. and (6Ac/6As)i"[.

where the superscripts i and i+1 denote the state of the material at the beginning of time
steps i and i+1 respectively. Essentially. the subroutine is required to solve for either Ac

in the form of (3.23) or AG in (3.24).

o A p PR Y .
e =| E_ & +Cf Ac' or (
(o do Co |

I
[
(U3 ]
~—

(asc oeP & A

Ag' —— o —
| GO co ¢

I

AG' (3.24)

-~

where 6" =¢' + A’ 5! =5 +AG' and ' =o' /(1-D™'). Equations (3.23) and

(3.24) are equivalent to Ag' =(Ae®)’ +(AeP) +(Ac")'.

In the subroutine, the effective stress approach that utilizes (3.24) is used to
search for the equilibrium condition at the end of a time step. This approach is simpler
than one that solves for the Cauchy stress increments in the form of (3.23). The

difference between the two approaches can be illustrated by rewriting (3.3) and (3.13) in

terms of the effective stress. Rewritten, (3.3) and (3.13) respectively become

. 1 -
Sij =E[(l +Vﬁij —Vckkaij] and

—_
(98]
N
W

~—
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20ev)+3(i- 7v)[°hJ : (3.26)
=3E|3

Ceq
Compared to (3.3) and (3.13), (3.25) and (3.26) are more compact, and are independent
of the damage state D. The flow chart of the subroutine is shown on Figure 3.3.

3.5.1 Assumptions in the Numerical Implementation

In order to implement the model in the subroutine, some assumptions are made
regarding the calculation process for certain parameters over a time step. These
assumptions are as follows:

i) Asdefined in (3.15), the damage parameter increment is

n
dD = (l) de?, .
S

Within a time step. v is assumed to vary linearly with e" It follows that

(AS,_ 8p n
AD! =(s)™" I l: +(yl+| 1)(A S'Q) :l dsgq . 3.27)
0
[ntegrating (3.27) gives
. i+hyn+l o in+l
api=— 1 &) ) (Ae)'. (3.28)
(m+bs"| (™ -y)

However. (3.28) exhibits a numerical singularity when y"™' approaches y'. The
numerical singularity can be avoided by evaluating AD' with a modified function

of (3.28). The modified function is derived from (3.28) by taking the limit

y‘ l—>y It can be expressed as

i\? T AL
i_|Y py|¥Y tY 3.29
AD [s] (Aegg) ( > )(Ae ). (3.29)

The changes in D and s within the time step i are denoted by AD' and (Ael )

respectively. Thus, the change in the damage parameter D is calculated by either

(3.28) or (3.29) depending on the difference between yi+l and yi. The value of yi
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is evaluated using the state of stress when the yield surface is first reached within
a time step. The expressions (3.28) and (3.29) assume that the damage parameter

D increases throughout the plastic deformation in a time step. This is true if the

initial equivalent plastic strain (t:,‘:’q)i is greater than or equal to the damage

initiation equivalent plastic strainsgqc. In addition, the effective hydrostatic

stress G, is greater than or equal to zero throughout the plastic deformation.

However, in some instances, (ef;)' is less than s‘e’qc, but the final (e:gq)”’l is

greater than agqc. For these situations, the variables y' and (As:fq)i in (3.28) and

(3.29) are scaled accordingly using the assumption that y varies linearly with sgq .
ii) In the constitutive model, the value of the damage initiation equivalent plastic

strain sgqc is assumed to vary with the ratio o,/0,, according to (3.17).

However the actual oy, /6, varies within a time step. Thus for the purpose of

calculating €,

.- Oh/Ceq is assumed to be constant within a time step. The
M

value of 6, /6, used is based on the state of stress when the vield surface is first

reached within a time step.

iii) Once damage is initiated. the damage parameter D is assumed to increase

throughout the plastic deformation regardless of the relationship between (e{.’q )

and €?, . However. the requirement for the effective hydrostatic stress &, to be
P q h

greater than or equal to zero still applies.

-

iv) Both assumptions (ii) and (iii) are redundant if egqc is zero.

3.5.2 Formulation to Solve for AG in a Time Step

Solving for AG in a time step requires an iterative process except when the state
of stress is in the elastic regime. Thus, Newton's method is used in the subroutine to find
the new equilibrium state at the end of the time step. The rates of change of strain

increments Ae with respect to the effective stress increments consist of three strain
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increment components. As shown in (3.24), they are 8Ac*/6A&, OAP/AT and
OAc*/6AS . With Newton's method, the tangent slope of the strain-stress curve is needed
at each iterative cycle. The formulation for calculating the tangent slope for each strain
component is listed below.

For the elastic strain component, rewriting (3.25) in terms of strain increments

and effective stress increments gives

€ l G a ~ A - o
Agj; =E[(l + VNG +45;) ~ V(G + AT )sij]' (3.30)
Thus,
OAef |
= — |1+ VimBjn — V8B (3.31)
a5, E[ imO jn mn9ij

Rewriting (3.4) in terms of plastic strain increments and effective stress increments gives

3AeP (S.. + AS..)
Agh=—x 21, (3.32)
2(crcq+A0'¢q)

The rate of change of plastic strain increments with respect to effective stress increments
can be written as
E‘AES _ 3(Slj + ASU) dAsgq 5A5’¢q : 3A8cpq(su + ASU-) 6A6’cq

~ - ~ -~ ~ ~a~ ~ _ T Aaa~
CAGy, 2AC. +4A0,)dAG, 0AG,,  2(3, q + 4G, )" CACn,

3A85q 6A§u (
28y +ASy) OAG , |

(93]
(93}
(92
N

p
s N » - - - . -
4 is the slope of the equivalent plastic strain versus the effective equivalent stress
Geq
curve.
6A°-“l = 3(Smn + ASmn) (3 34)
00,  2Geq +AG)
6A§i- 1
=5 8. a 0 (3.35)
6 Aamn m*n mn>y
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The third and final component in (3.24) is the tangent slope for the plastic volumetric
strain. Writing (3.11) in terms of the plastic volumetric strain increments and the change

in damage parameter increment gives

1 4D3"? 4D +AD)*? .
AS;} =§[ln(l - 3n[/2 )-lr{l "T Sij’ (3.36)

The plastic volumetric strain rates are

oAey  2(D+AD)"? aaD ¢
aA&mn 3“1/2 -—4(D+AD)3/2 aAa:mn g

Depending on the difference between ym and yi, AD is evaluated using (3.28) or (3.29).

In these two equations, only yi+l changes with AG whereas yi is constant. Equations
(3.28) and (3.29) can be summarized as

AD' = CST1* HLD*(As )} (3.38)

1

(n+1s?

where CSTl =

n
for (3.28) and (‘%) for (3.29). and
2s

i+l )n+l ( i)n+l

HLD =¥ for (3.28) and (y"*' +y!)" for (3.29).

( i+l y’)

Ditterentiating (3.38) with respect to AG gives

~ i i+l c AE
B0 _csTif(ast) B2 & ypZlul (de )’ (3.39)
OAG 1 8AG éAcm
o i+lyn+l iyn+l _ i i+lyn
where S0 B )+ VG g 3agpand  (3.40)
ay y" -y)°
=n(y™ +y)"! for (3.29). (3.41)
From (3.26).
,
. G., + AG 2 -
i _ (O o o)’ SA+v)+ 30~ zv)(—"—":i%] : (3.42)
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Thus,
i+l OAG
6{ =—[3(1 + V)G + ATeq) —er
0AG,, 2E|3 0AG o,
~ ~ | OAG .
+6(1-2v)(G,, +AG,) A% | with (3.43)
0AG o
CAG G
fh =l aA‘ffll =18mn7 (3.44)
OAG,, 30AG,, 3
6A8'cq ) . . .
and P is defined by (3.34). The other differential term in (3.39) can be expressed
Gmn
as
cAeb,  dAeP, éAG
— -__3_3 (3.45)
CAG, dAG, OAG,
dAegq é’AE'cq ) .
where ——— and ——— are previously detined in (3.33).
AG CAG 0

3.5.3 Jacobian Matrix of the Constitutive Model
In addition to the state of material at the end of the time step, the subroutine is
. . . . . i+1
also required to pass back the Jacobian matrix of the constitutive model (éAc/éAg)” .

The Jacobian matrix is based on the Cauchy stress rather than the effective stress. To
simplify the formulation. the Jacobian matrix is expanded from the tangent slope

derivation for the strain increments with respect to the effective stress increments
developed in Section 3.5.2. The formulation of the Jacobian matrix. (5A0'/6As)"'. is

described below. In Section 3.5.2, the rate of change of strain increments with respect to

the effective stress increments are shown to be

GAe _O0Ae®  OAeP?  dAe®

— =t ——t—. (3.46)
CAG OAG CGAG OAG
Therefore in Cauchy stress form, (3.46) becomes
OAc [ oAe® 0Ae® OAe* |0AG .
= —t——+—— (3.47)
dAc OAG O0AG JAG |dAc
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5+A5=—2F8°
I-D-AD

OAG _ 1 ,_(c+40) 0AD
dAc 1-D-AD (1-D-AD)? dAc

and (3.48)

(3.49)

The required Jacobian matrix is the inverse of (3.47), (aAslaAc)". In tensor form, (3.47)
to (3.49) are

BAg;; =[ OAES; . oA . OAe;; }aAa'-mn

p— = = , (3.50)
Ao, | OAG,, OAG,, OAG, |0dAcy
5 +25 =Sm*A%m o4 (3.51)
mn mn l _ D - AD *
aA&mn - Smksnl + (O'mn + AO’mn.’) .aAD (3.52)
EAO‘“ 1-D-AD (l—D—AD)' OAle
1 ¢AD
=18 8, +(G. ., +AG . 3.53
l—D—AD[ mk Y nl ( mn mn)a ckl} (3.33)

a9

Combining the first term of (3.50) with (3.53) and (3.31) gives the slope of elastic strain
term as

CAej; 1

éAcy, E(1-D-AD)

((l + Vo8 — vy d;

- -~ -~ - cAD o=
+[(l + v)(o‘ij +A<rij)—v(cspp +Ao'pp )Sij]aoA—o_J . (3.54)
kI

For the plastic strain component. substituting (3.33), (3.34), (3.35) and (3.53) into the

second term of (3.50) produces

el 9(S; +AS;)Sk +A§k|)( dasly  ael,
GAcy  1-D-AD|  d(G+45,)7 |dA8y (S +484)

3Ae? 1
+_T"_eq~_‘(8ik8jl -_Bklsij)
2(0’eq +A0‘¢q) 3

3 - . dAe?
+i(Sij ’i"ASij)Teq GAD .
2 dACeq aAUkl
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From (3.37) and (3.50), the plastic volumetric strain rate with respect to Cauchy stress

can be expressed as

OAcy  OAs’ BAG 2 2
i _ - ij aAO’mn - .;(D+AD) . 0AD Sij with (3.56)
aAO'k[ aAO'mn aAck[ 31t”' - 4(D + AD)3/' aAle

9AD _ 8AD 0AG,

=— . (3.57)
aAO'kl OAG mn aAO'k[
Substituting (3.53) into (3.57) gives
OAD __ 1 OAD |y 5 4By +AG )22 | (3.58)
cAc ki 1-D-AD 6A0'mn aAO'“
Rearranging (3.58), it becomes
~cAD | Bun +83m) 2AD ) _ ! 3AD 5.5, (5.59)
CAO'kl (I-D-‘AD) BAO'mn (1-D‘-AD) éAomn
Thus.
1 éaD
“CAD - (E—D"A“D) BAO’H (3.60)
¢Aoy, - (Gmn +AG ) SAD
(1-D-AD) 0AG,,
6AD
- ¢ASy e (3.61)
(1-D=-AD) = (8 + A8 ) ———
OAG
Substituting (3.60) into (3.56). gives the slope of plastic volumetric strain term as
2D+AD)2  8AD
¥ 172 372 AAG
f’ASU __ 32 -4D+AD)** 88y 5. (3.62)
CAGRI oAD

(1-D - AD) = (& + AS )

A5,

The term 6AD/0AG , is defined in (3.39).

3.54 Special Considerations
If damage grows within the time step, the hydrostatic stress at the end of the step

has to be greater than or equal to zero by virtue of the assumption (3.15). Since
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ABAQUS passes in the strain increments for a time step, this may result in a situation

where there is no equilibrium state at the end of the time step that is able to
simultaneously satisfy both (3.15) and either (3.28) or (3.29). If this situation occurs, and
at some point within the time step the hydrostatic stress is greater than zero, the change in
the damage parameter is limited to the amount that will not cause the hydrostatic stress to
be negative at the end of a time step. This condition can occur in analyses that involve
two-dimensional or three-dimensional stress-strain problems.

In order to safeguard against the situation described above, the initial elastic
volumetric strain and the volumetric component of strain increment are first removed
from the total strain. With the removal, the equilibrium hydrostatic stress for this new
state of strain will always be zero at the end of this time step. The Newton's method
using the tangent slope described in Section 3.5.2 is used to calculate the equilibrium
state at the end of a time step for this new state of strain. However. the plastic volumetric
strain contribution is excluded from the tangent slope. The total plastic volumetric strain
increment is then calculated based on either (3.28) or (3.29). together with (3.36). If the
total plastic volumetric strain increment is greater than the volumetric strain taken away.
then the damage parameter increment is limited to the amount that corresponds to the
volumetric strain removed.  Otherwise. the calculation proceeds according to

Section 3.5.2. However. for a three-dimensional stress-strain problem. a more efficient

alternative for solving A is employed.

3.5.4.1 Procedure to Safeguard against Damage Growth with Hydrostatic Compression
The procedure to safeguard against the possibility of having damage growth under

a hydrostatic compression state of stress is explained in this section. The total initial

elastic volumetric strain and the volumetric component of strain increment is calculated

as follows:
(A™)' = Ael, +(g5,)’ with (3.63)
2 for 2-D and

p=1.
p=1,2,3 for 3-D.
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In the following formulation, the indices go from 1 to 2 for two-dimensional and 1 to 3

for three-dimensional stress-strain problems. The net strain increment after subtracting

the initial elastic volumetric strain and the volumetric component of strain increments are
(Ae;}‘ = Aegj —%(Ae“’ )' 8ij where (3.64)
B is 2 for 2-D and 3 for 3-D.

Removing the plastic volumetric strain component, (3.24) is reduced to

. age oeP .
As™) =| =+ —— |AG". 3.65
(Ae™) (a& a&] G (3.65)

Solving (3.65) for A using Newton's method gives the state of stress at the end of the

time step that has zero hydrostatic stress. Based on the new state of stress. the change in

the damage parameter (AD“')i is calculated according to either (3.28) or (3.29). Using

(3.36). (AD")' translates into plastic volumetric strain increments of

, 1Diy32 i tvyi P2
(ael) =2 IH[I-J'(_DJ?—)-IH 1_4([) L ) 8- (3.66)
3 It 3nt -

However if (As'i‘i“ )' is greater than (Ae"™ ), it implies that the change in damage of

(AD")' will result in negative hydrostatic stress at the end of the time step. Therefore. the

change in plastic volumetric strain increments are limited by
(Ae})’ s-é—(Ae“‘ )i 8ij . (3.67)
Thus.
v'_l Iv g o ntv i 1 tvi 2
(Aeij)' ——B—(As )'8ij when (Aej;") >§(As ) (3.68)

nty

Consequently. AD' is calculated using (As;i‘})i from (3.68). Butif (Aej; )! is less than

(Ae%™)'. it implies that a hydrostatic stress at the end of the time step that has to be
greater than zero in order to achieve the change in damage of (AD“')i. For this case. the

solution scheme as described in Section 3.5.2 is used to solve for AG' in the form of
(3.24):
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3.5.4.2 Three-Dimensional Stress-Strain Problems

The alternate way for solving the effective stress increments in a
three-dimensional stress-strain problem is discussed below. By applying (3.63) and
(3.64) in three-dimensional stress-strain problems, the deviatoric strain and volumetric

strain increments are completely uncoupled regardless of the actual hydrostatic stress.

The deviatoric strain increments are represented by (Ae ) and the volumetric strain
increments by (Ac™ ) 8;/3

For a three-dimensional stress-strain problem with hydrostatic tension at the end
of the time step, the deviatoric and hydrostatic stress increments are solved
independently. First. the procedure in Section 3.5.4.1 is used to calculate the change in

deviatoric stresses. Once the effective deviatoric stresses are found. the change in

hydrostatic stress, A&';, . is calculated to satisty the conditions (3.69) and (3.70) as

(et k) .
(ae*y =) L+ L IA5, (3.69)
CUh C’C’h
=(Aef) +(Ack)'. (3.70)

Newton's method is used to solve for AB’L. The following is the formulation of the

tangent slope of the elastic and plastic volumetric strain increments with respect to the
effective hydrostatic stress increment used in the iterative numerical scheme. By
contracting the indices i and j, (3.3) becomes

_{-2v)

E
.)(l )

——=(G;; +AG;) or (3.71)

Acrh ). (3.72)
Thus,

eaef  3(1-2v)
AT, E
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(As}’j) is calculated according to (3.36) as

372 3/2
(Ae}) = ( ‘;Du ]-1(1-4“);#—). (3.74)
219 2 T

Differentiating (3.74) with respect to AG}, gives

o4ej)  6(D+AD)'?  2AD
aAo-h 3n 172 _4(D+AD)3/2 aAB-h )

As a result, (3.39) can be written as

Ay i+l
oAD' _ oTicas? X ; GHLD &y™'
CAG h 8y'+[ 0AG h

(3.76)

From (3.42). ¥ is defined as

. G. +AC
y'*! _ e w)” 2(l+v)+a(l—7v) Sn*4Gh
2E Gy + 4G

2

. o . e =l . ~ .
thterentlatmg y' with respect to AC h 81VEs

eyt 3(1-2v)
FICR E

(&, +A5,). (3.77)

Consequently. (3.75) becomes

éAD? 3(1-2v) 6HLD
= CSTI(Ae?, ' :
CACh ( ) E ayl'l-l

(S, +AGy ). (3.78)

Finally. the effective stress increments are

where A&?j is the deviatoric stress increment tensor.
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Figure 3.2 The assumed relationship of the void and the material matrix in a
damaged body.
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Pass in from ABAQUS: state of material, stress
and strain at the end of the previous time step,
strain increment for the current time step.

Calculate the stresses at the end of the
time step assuming the response is elastic

Check if the new stress state
is outside the yield surface at
the end of previous time step.

No

Calculate the state of
material, stress and
strain at the end of the
current time step
considering only the
elastic response
according to the solution
scheme outlined in
section 3.5.2. Calculate
the Jacobian matrix
using equation (3.54).

__Uniaxial

Yes
Check if the strain

No

increment results in the
volume increase.

Yes

Check if the damage
initiation equivalent plastic

No

strain is exceeded or
damage has already
occurred at the end of
previous time step

Yes

Check for the type of
stress-strain problem.

Three-dimensional

o~
p—d

\'4
Calculate the state of
material, stress and
strain at the end of the
current time step

considering only the
elastic and
non-dilational plastic
response according to
the solution scheme
outlined in section 3.5.2.
Calculate the Jacobian
matrix using equations
\V/Z (3.54) and (3.55).

Two-dimensional

Calculate the state of material,
stress and strain at the end of the
current time step according to the
solution scheme outlined in section
3.54.1.

\'4
No  Check ifthe hydrostatic
€~ stress is zero at the end of Calculate the state of

the current time step. material, stress and
/ strain at the end of the

Calculate the state of material, current time step
stress and strain at the end of according to the
the current time step according solution scheme
to the solution scheme outlined outlined in section
in section 3.5.2. 3.54.2. J

L S le
o
Calculate the Jacobian
matrix using equations
(3.54), (3.55) and (3.62).

S e
N 1S

Pass back to ABAQUS: state of material, stress
and strain at the end of the current time step,
the Jacobian matrix for the current time step.

Yes

Figure 3.3 Flow chart for the subroutine.
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4 Testing Program

In the previous chapter, a proposed constitutive model for ductile fracture of steel
is presented. However, test data are required for the verification and study of the
proposed model. For this reason, a test program was designed and carried out to acquire
the necessary data. Specimens with different heat treatments and dimensions were used
in order to obtain data from materials with inherently different ductility and from
specimens experiencing different levels of hydrostatic tension stress. The testing

program carried out is described in the following sections.

4.1  Objective

A test program involving a series of tension coupon specimens (see Figure 4.1)
was conducted to obtain data for verifying the proposed constitutive model. Specimens
with different heat treatments and dimensions were used in order to obtain test data from
specimens with different ductility and levels of hydrostatic tension stresses. In order to
study the constitutive model, numerical analyses were carried out to simulate and
compare the load-deformation curves and the fracture of steel coupons. Data needed for
the studies include the load, the longitudinal and radial deformations, and the deformed
shape of the specimen. In addition, the constitutive model requires the effective true
stress-true strain curve of the material in order to carry out the numerical analyses. In a
tension coupon test, necking and strain localization start after the maximum load is
reached. Thus, the effective true stress versus true plastic strain relationship can be
calculated directly from the engineering stress versus engineering strain curve, up to the
point of maximum load. The engineering stress versus engineering strain curve of a
material can be measured using an extensometer during the test, up to the point of
maximum load. Consequently, at least one of the test specimens for each heat treatment

was designed to have a large enough gage length to accommodate an extensometer in the

reduced section of the specimen.
4.2  Test Specimens

A total of sixteen specimens with three heat treatments were tested. All

specimens were 22 mm in diameter with the diameter at the reduced section being either
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10 mm or 14 mm. The transition radius of the specimen varies from 5 mm to 15 mm, and

the gage length at the reduced section varies from 2mm to 50 mm. The nominal
dimensions of the test specimens are shown in Figure4.l. However, the actual
dimensions vary slightly from values listed in Figure 4.1. Although the transition from
the 22 mm diameter section to the reduced section was specified to follow a circular arc,
the actual profile of the machined specimen at the transition region turned out to be a
spiral. Thus, in order to allow for an accurate numerical modeling of the specimen, the
actual profile of the transition region was measured with a Nikon Shadowgraph Model
6C. This instrument measures the projected outline of the transition region in a
two-dimensional plane, and it has an accuracy of one thousandth of an inch. For ease of
numerical modeling and computing, cylindrical coupons were used instead of rectangular
coupons, even though it is easier to machine a rectangular coupon from a rectangular
strip.

Specimens were cut, heat-treated and machined from 457 x 457 x 25.4 mm thick
ASTM AS516 steel plates. Three heat treatments were used. Specimens made from the as
supplied A516 steel without further heat treatment are grouped as one heat treatment and
designated as "AS". The other two heat treatments involve either heating the same as
supplied A516 steel to 900°C then annealing or heating to 1250°C and then normalizing.
These are designated as "AN" and "NM" respectively. The steel plate was cut into
32 x 25.4 x 457 mm pieces for heat treatment. Using specimen AS1g6r5 as an example,
the designation system is as follows: "AS" symbolizes the as supplied heat treatment, "1"
denotes the specimen number for the same heat treatment and dimension, "g6" indicates

the gage length is 6 mm and "r5" indicates the transition radius is 5 mm.

4.3  Test Set-up and Instrumentation

Measurements of load, deformation, and strain were made as the specimens were
loaded. Strain gages were used to measure the initial elastic strain at the reduced section
for specimens with the gage length G of 50 mm. Figure 4.2 shows measurements that
were taken in the test. Due to interference of the loading head, deformations L1, L2 and
L3 were measured with a divider. The divider opening was then measured with a caliper

to obtain an indirect reading of the deformation. Diameters DI through to D7 were
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measured directly with a caliper. Diameter D4 is the measurement at the narrowest point

on the specimen, in the necking region. In order to obtain the engineering stress versus

engineering strain curve for each heat treatment, a 25 mm extensometer was used to

measure the deformation at the reduced section for 50 mm gage length specimens. For
other specimens, a 50 mm extensometer was placed outside the reduced section.

Figure 4.3 shows the typical test set-up.

A digital camera (Kodak DCI20) was positioned directly in front of the test
specimen to photograph the deformed shape during the test. It was set on macro mode
with manual focus, and was placed approximately 250 mm from the test specimen. The
camera has a 1280 x 960 pixel resolution. From that distance, one pixel on the photo
works out to 0.07 mm in actual dimension. In case there was a problem with the
measured data, the photos would provide an altenate way of getting the data. As shown
in Figure 4.4, the camera was placed on a swing arm so that it could be moved out of the
way when the measurements were made. It was aligned and oriented so that the
specimen was centered on the lens and in the same vertical line as the specimen. A
plexiglas sheet with gridlines was attached to the specimen to assist in this endeavor. The
gridlines were printed on a transparency, and then glued to the plexiglas. The spacing
between the gridlines was measured with a Leitz Wetzlar Large Universal Toolmakers
Microscope Model UWM, an apparatus that is accurate to one ten thousandth of an inch.
Consequently, the gridlines can be used as reference dimensions if the desired
deformation data are to be measured from the photos. The procedure used in positioning
the camera is as follows.

1) First, the specimen was centered between the gridlines and on the same plane as the
plexiglas attachment.

2) The camera was then positioned so that the gridlines were parallel to the edges of the
photo; thus ensuring the focal plane of the camera is parallel to the plane of the
plexiglas sheet.

3) Finally, the specimen was centered by moving the camera until the specimen showed
up in the middle of the photo and vertical gridlines were approximately the same
distance from both side edges.
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Processes (2) and (3) were executed simultaneously. The final orientation and placement

of the camera was achieved through trial and error. An example of the result of the

positioning can be seen in Figure 4.5.

44  Test Procedure

Tests were carried out using an MTS 810 loading machine. All strain gage,
stroke, extensometer, and load readings were routed through a data acquisition system.
During the test, the load versus deformation response was constantly displayed on an x-y
plotter. Stroke control was employed in all the tests. The specimen was tested until
fracture with regular stoppages during the test, to take static readings and digital
photographs of the deformed shape. All specimens were monotonically loaded with the
exception of the AS2g50r5 and AS3g50r5 tests. During these tests, the specimens were
unloaded and reloaded intermittently. Figure 4.6 shows the difference in the loading
sequence for these tests. The magnitude of the unloading was about one-third the yield
load. Together with the diameter D4 measurement, extensometer readings from the
unloading and reloading provide a means to measure the change in the elastic modulus
during the test.

Different loading rates were used depending on the gage length. A loading rate of
0.2 mm per minute was employed for specimens with gage length G less than 50 mm.
For specimens with gage length equal to 50 mm, the loading rate was 0.5 mm per minute,
and this rate was reduced to 0.25 mm per minute when the specimen was about to
fracture. During the unloading and reloading of specimens AS2g50r5 and AS3g50r5, a
loading rate of 0.25 mm per minute was used until the specimen had recovered the load
level at the start of the unloading. The objective of the test program is to measure the
static response of the specimens. Thus these rates were kept as low as possible to
minimize the influence of the loading rate on the result, but not too low as to slow down
the testing greatly. Furthermore, regular stoppages during the test for taking static
readings also help in reducing the effect of the loading rate.
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Heat treatment Nominal
Specimen | Number of specimen dimension (mm)
designation] AS | AN | NM a G R
xxng2rl5 1 - - 14 2 15
a Xxng2rs 1 1 1 14 2 5
G| &—> Xxng6rs 1 1 1 14 6 S
xxng12r5 1 1 1 14 12 5
xxng50r5 3 1 1 14 50 5
v xxng50r7 1 - - 10 50 7
Note: xxn - xx denotes the heat treatment and n denotes the
specimen number for the same heat treatment and dimension.

Figure 4.1 Dimensions of test specimens.

)
D1
y - ﬁ\
\— Notch for
D2 Divider Typ.
‘E N —x
SEEER D3 ‘/ .
Plv > | ]
-~ S0 < SE gle Specimen
E| S| € 2E 9IE designati i
el 2|3 E £ el Eg 2|5 esignation | Applicable measurement
L gle o § D4, §u g|® xxng2rl5 [D1,D2,D4,D6,07,12,L3
2| gl W Q 2o dio xxng2rS_| D1,D2,D4,06,07,L2,L3
Elg 2o xS Els xxng6rS_|D1,D2,D4,06,D7,L2,L3
S| 2 S | DS g xxngl2r5 |D1,02,D4,D06,D7,L.2,L3
5|2 J xxngS0rS |D1,D3,D4,D5,07,L1,L3
46 | o |—* xxng50r7 {D1,D3,04,D5,D7,L1,L3
y D7

Figure 4.2 Measurements taken in testing.
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Figure 4.3 Test set-up.

Figure 4.4 Attachment assembly for digital camera.
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Figure 4.5 Positioning of digital camera.
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Figure 4.6 Typical loading sequence of monotonic, and load and unload test.
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5 Analyses and Test Results
The proposed model is verified and studied using the test results. In this chapter,
the test results are discussed and procedures for obtaining parameters to carry out the
numerical analyses are described. Numerical solutions using the calibrated parameters

are then compared to the measured results, and solutions from other material models.

5.1  Test Results and Discussions

The ductility of the specimen decreases as the gage length at the neck region or
the transition radius, or both, are reduced. This is illustrated by the ratio of diameter D4
at fracture over the undeformed diameter, as shown in Table 5.1. The specimen with a
greater ductility has a smaller ratio since the specimen is able to undergo greater
deformation before fracture occurs. In the test. the peak stress also varies with the gage
length and the transition radius. The value of the peak stress is an indirect indicator of
the relative level of hydrostatic tension stress experienced by the specimen. A specimen
experiencing a higher level of hydrostatic tension stress is able to attain a higher peak
stress. Comparing the test results. it can be seen that the ductility varies inversely with
the peak stress and the hydrostatic tension stress. Values in Table 5.1 and Figures 5.1 to
5.3 illustrate that the test program has achieved its objective of providing test data from
materials with inherently different ductility and from specimens experiencing different
levels of hydrostatic tension stress.

All specimens in the test program exhibited cup-cone type fracture surface except
for NM1g2r5. For NM1g2r5. 95% of the fracture surface area is flat and shiny with the
remaining 5% surface area being fibrous and dull. The portion of surface area that is
fibrous and dull is at the centre of specimen. This indicates that there was not much void
nucleation and growth taking place in NM1g2r5 before fracture occurred. For some
specimens, fracture occurred while the crosshead displacement was on hold during the
test when manual readings were taken. This illustrates the time dependent nature of the
crack propagation. However as stated in Chapter 3, the dynamic effect is not considered
in the proposed model.

Compared to specimens AS2g50r5 and AS3g50r5, which have undergone an

unloading and reloading process, AS1g50r5 has a lower peak stress and a higher
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ductility, although the difference is not big. This shows that frequent unloading and

reloading has some effect on the ductility of a specimen even though the unloading is
only one-third the yield load. This effect can also be seen in Figure 5.4.

Figure 5.5 shows that the apparent modulus of elasticity decreases as the
deformation increases. This reduction may be due to the damage that occurred in the
specimen. The apparent modulus of elasticity is obtained using the measured unloading
and reloading strain, and the true stress. The true stress is calculated by dividing the load
with the actual measured cross-section area.

Figures 5.6 to 5.9 show pictures of specimens at fracture. They clearly indicate
that necking and fracture occurred at the mid-length of the reduced area region for
specimens with gage length less than 50 mm. When the gage length is large, the stress is
almost uniform along the reduced area region up to the initiation of necking. As a result,
necking can start at any point along the gage length where there is any slight weakness in
the material or any geometric imperfection. For these reasons. there was no definite

fracture location for 50 mm gage length specimens, as shown in Figure 5.9.

5.2 Assessing the Measurement from Digital Camera

In the testing program. digital camera images are used as backup for the direct
measurement data obtained using a caliper. Since the test data from the caliper
measurement are satisfactory. no deformation result extracted from the photo image is
used in the numerical analyses. Nevertheless. it is desirable to assess the suitability of the
digital camera so it may be used in other tests or in other areas of study.

In order to assess the performance of the digital camera, the photo image data are
compared to the caliper reading for the G2 and G3 extensions, and the D4 diameter
change. The results from AS1g6r5 and AS1gl2r5 are used in the assessment. Since the
camera was swung back and forth during the test, the grid beside the specimen is used for
calibrating the image to the actual dimension. From the position where the camera was
set up, one pixel in the image represents roughly 0.07 mm in physical dimension of the
specimen. Comparisons of the caliper and camera data are shown in Figures 5.10 to 5.12.
The camera data agree very well with the caliper data. The maximum difference is only

0.24 mm, as indicated in Table 5.2. This is within four-pixel size of the image, and that
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is about the best that can be expected from the camera used. The standard deviation of

the ditference is only 0.12 mm, which is less than two-pixel widths. With the small
difference between photo image and caliper data, this demonstrates that the digital

camera image can be a useful backup to the physical measurement.

S.h
w

Procedure for Obtaining Parameters for the Model

Parameters for the model are obtained through the numerical simulation of
tension coupon tests. The effective true stress versus true plastic strain curve, and other
parameters are adjusted until the numerical analysis is able to reproduce the engineering
stress versus deformation curve of a tension coupon test. The deformation measurement
can either be the longitudinal extension over a specific length or the radial contraction of
a specimen at the necking location. Since the radial contraction provides a better
representation of the local strain than the longitudinal extension, the engineering stress
versus radial contraction values are thus used in the calibration. The numerical
simulation procedure is based on the approach used by Matic etal. (1987). The
procedure for obtaining the effective true stress versus true plastic strain curve is
illustrated below. In the following. the loading direction is assigned as *1°. and directions

.

transverse to the load as "2 and *3°.
In uniaxial loading, €f, = ef) and G, =o,. This condition exists in the neck

region of a 50 mm gage length specimen until the peak load is reached and before the
initiation of necking. Using (3.2) to (3.16) in Chapter 3. the following relationships

between the various strain components can be established for a uniaxial loading

condition.
€, =€} +€] +€)]. (5.1)
c
» ll -
5Tl = ———— (3.2)
E(1-D)
3deP S, 3deP.S
depy = ,,iq t= ,:q L (3.3)
28 26,
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1 4 ,D3
Slvl =-§-ln 1-3— T . (5'4)

n

2
oy - =
dD= m defl . (3.3)
€ +E] +€)) = ln(1+s{5,) (5.6)

and eg is the engineering strain. The relationship between strains in the loading

direction and the transverse direction can be expressed as

€5, +£53 = —2vef,. (5.7
eb, +€5; =—¢f, and (5.8)
852 + 8_‘;'3 = 28|v| . (5.9)

Combining (5.7) to (5.9) gives
€5, +€53 +€5, +€5; +£3, +£33 =-2ve}, —¢€f| +2¢). (5.10)
Thus the ratio of the current transverse cross-section area to the undeformed cross-section

area can be written in term of transverse strains as

A L e S i
" =exp(s§2 +€3; +€5, +€f; +£3, +s§3\) (3.11)
o

where A is the current transverse cross-section area and A, is the undeformed

cross-section area. In order to facilitate the calculation process in obtaining the effective
true stress versus true plastic strain curve, the Poisson's ratio in (5.10) is assumed to be
0.5. This assumption does not introduce any notable error because the plastic strain
component is dominant in situations where the strain is large. Thus, the term on the right

side of (5.10) can be approximated as
—2vef| —&f| +2g)| = -gf; —&f| +28)). (5.12)
Combining (5.10) to (5.12) and engineering mechanics gives

E <12
o1l =0‘“exp(—8{" -gf, +2st) (3.13)
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and 0'5‘ the engineering stresses. Thus after selecting values for n, s and egqc, the e

versus S'eq relationship is determined directly using the measured engineering stress

versus engineering strain curve and (5.1) to (5.13). In the test, the engineering strain in
the loading direction was measured with an extensometer, which only measures the
average strain over a specific length. The strain reading using an extensometer is only

equal to the local strain up to the point of the maximum load and before necking starts.

Consequently, the extensometer strain can only be used to determine the egq versus Ecq

relationship up to the point of maximum load. By assuming the deformation is
completely plastic, the local engineering strain beyond the peak load can be estimated

using the change in the cross-section diameter as follows:
d 2
E 0 -
g = —| -1 (5.14
1 ( 4 ) )

where d is the measured cross-section diameter and d,, is the undeformed cross-section

diameter. Thus beyond the peak load, the s[.’q versus G, relationship is determined by

using the estimated engineering stress and strain pairs. But this should only be extended
down to approximately 95% of the peak load because the assumption of a uniaxial
loading condition becomes invalid as necking develops. Occasionally. the estimated

engineering stress and strain pairs have to be adjusted to give proper results. For the

remainder of the curve, Ecq is assumed to vary linearly with sgq . The slope of the

straight line, and the values of n, s and sc"qc are then chosen by trial and error through the
numerical simulation of the tension coupon test.
Observation by Le Roy etal. (1981), and Cox and Low (1974) showed that void

nucleation starts at a low strain. The drop in the measured apparent elastic modulus as

shown in Figure 5.5 also provides an indirect indication that damage may have started
fairly early. For these reasons, the damage initiation equivalent plastic strain €f, is

eq.

assumed to be zero in all the numerical simulations.
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Engineering stress versus engineering strain curves used in generating the s{.’q

Versus Eeq relationship for the test specimens are shown in Tables 5.3 to 5.5. As can be

seen in Tables 5.3 and 5.4 for NM and AN heat treatments, the engineering strain data
used are a combination of the measured extensometer strains up to the peak load and the
estimated strains using (5.14). For NM and AN heat treatments, no adjustment is
required for the estimated stress and strain pairs. But for AS heat treatment, Table 5.5
shows that the last two estimated engineering stress and strain pairs are modified to give

a better result in the numerical simulation.

54  Numerical Analyses of Test Specimens

The proposed continuum damage mechanics constitutive model is incorporated
into the finite element program ABAQUS (1997) to simulate the load-deformation
behaviour and the fracture of the specimen. All numerical analyses are carried out using
the axisymmetric element CAX8R and non-linear geometry option of ABAQUS.

CAXBSR is an eight-node biquadratic element with a reduced integration. The parameters

and material properties n, s, €%, .and e, versus G, relationship used in the numerical

analyses are calibrated by trial and error to reproduce the load versus the change in
diameter D4 curve of the 50 mm gage length specimen. Specimens used for the
calibration are AS1g50r5, NM1g50r5 and AN1g50r5. As shall be seen in the subsequent
sections. the load versus the change in diameter D4 curve can be reproduced by infinite
choices of the parameter n. Thus, in addition to the load versus the change in the
diameter curve, the most suitable value for n should also reproduce the load versus the
change in the axial deformation curve of the test. This is done by matching the analytical
axial deformation versus the change in the diameter curve to test results. I[dentical
calibrated parameters and material properties are used in all numerical analyses for

specimens from the same heat. In the analysis, the specimen is assumed to fracture
instantaneously when the critical damage limit D, is reached. Finite element meshes used

in the numerical analyses are shown in Figures 5.13 to 5.18. In Appendix A, the mesh
study for the refined region at the mid-length of the specimen shows that there is no
significant difference in the result between the mesh in Figure 5.17 and the one that is
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coarser. Thus the mesh scheme at the mid-length for Figure 5.17 is adopted for all

specimens. All specimens are assumed to be axisymmetric and symmetric about the
mid-length of the neck region. Thus only quarter of the specimen is modeled.
Parameters and material properties are obtained according to the procedures as outlined
in Section 5.3. Additional procedures established in Section 5.4.1 for AS heat treatment
are also employed for all heat treatments.

54.1 AS Heat Treatment

Parameters and material properties used in the analyses were calibrated against
the test results of AS1g50r5 and are shown in Table 5.6. Four numerical analyses were
carried out for each specimen with values of n equal to 0.1, 0.5, 1.0 and 1.5. The
analytical load versus change in diameter curves are plotted against the test results in
Figures 5.19 to 5.24. These graphs show that the material model is able to closely predict
the measured load versus change in diameter regardless of the value of n. However,
when the load versus extensometer displacement from the finite element analyses are
plotted in Figures 5.25 to 5.28, they exhibit that different values of n give a different load
versus axial deformation relationship. But the overall appearance of the curve is not
sensitive to a small variation of axial displacement due to the relative flatness of the
curve over a wide range of the deformation. For this reason, the differences only show
up at the tail end of the curves when the load starts to drop. A better illustration of the
effect of n can be seen in radial versus axial deformation plots in Figures 5.29 to 5.32.
Thus instead of trying to match the measured axial stress versus deformation curve, n is
chosen to match the measured radial versus axial deformation of the test. Specimens
with 50 mm gage length are not plotted for load versus axial deformation because the
axial deformation for these specimens is sensitive to the geometric imperfection. This
phenomenon is discussed in the subsequent section.

Thus, in order to select the most suitable n, measured radial versus axial
deformation pairs for AS1g2r5, ASl1g2rl5, AS1g6r5 and ASIgl2r5 specimens are
compared to the analytical results for different n. Figures 5.29 to 5.32 are graphs of
measured and predicted radial versus axial deformation curves. It can be seen in those

figures that as n decreases, the slope of axial versus radial deformation curve increases.
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This indirectly implies that lower n allows for greater volume expansion, and therefore

greater overall damage. The following equation is used to measure the match between
the measured and predicted axial versus radial deformation curve.
k

1 I
e E xme! — i (5.15)
max 4=

i=l

anal

: test
1

where x and x;~ are the respective predicted and measured extensometer

displacements at an identical radial deformation, x5, is the maximum measured

extensometer displacement and k is the total measured radial versus axial deformation
data pairs for each test specimen. Zero err implies a perfect match between the test and
predicted results. Using (5.15), the calculated err for different test specimens and n are
tabulated in Table 5.7. Summing err for all specimens and curve fit a third order
polynomial through the results, the local minimum err on the polynomial is found to
correspond to n equal to 0.571. Since analyses for n equal to 0.5 have already been
carried out in the process of choosing n, for convenience 0.5 was selected as the n value
to be used for AS specimens. Any choice of n in the range 0.5 and 0.6 should be fine
because the differences between the results for n equal to 0.5 and 0.6 are small.
Furthermore, there is also the uncertainty due to the measurement accuracy. For
illustration, Figures 5.33 and 5.34 show that n = 0.5 provides a better fit to the measured
radial versus extensometer deformation curve than n = 1.0.

The other parameter that needs to be calibrated from test resuits is the damage

limit parameter D,. The D, value is chosen such that the absolute percentage error of the
predicted and measured ratio of diameter D4 at fracture among all specimens is minimal.
The selection is done by trial and error using the Goal Seek fuction in Microsoft EXCEL
software. For D, of 1.078x10° (MPa)z, Table 5.8 shows that the model underestimates
D4 at fracture for AS1g2rl5 by 6% and overestimates the result for AS1g50r7 by 6%.
Cox and Low (1974) in their tests noticed that the difference between the fracture strain
and the strain at which the void coalescence was first detected was much smaller for a
notched specimen than a smooth specimen. In relative terms, the notched specimen of

Cox and Low can be considered as AS1g2r5 (short gage length) and the smooth specimen
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as AS1g50r5 (long gage length). Thus the duration of the void coalescence process for

AS1g50r5 would be longer than AS1g2r5. As stated in chapter 3, the proposed damage
model does not attempt to capture the behaviour of the coalescence process. Based on
the choice of D, selected, the model is expected to under predict the ductility of long
gage length specimens (50 mm gage length) and over predict the ductility of short gage
length specimens (<12 mm gage length). Thus, the error of the predicted fracture
diameter for AS1g2r5 should be greater than AS1g2ri5. But the values in Table 5.8
show the opposite. This may be due to the fact that the numerical analysis under predicts
the peak stress of AS1g2rl5 by 1.5% compared to 0.9% for AS1g2r5, as indicated in
Table 5.10. The level of peak stress gives an indirect indication of the level of
hydrostatic tension experienced by the specimen. Consequently, the hydrostatic tension
stress in AS1g2rl5 may actually be higher than predicted. Thus, the over prediction of
the AS1g2r15 ductility is magnified due to the fact that the hydrostatic tension stress is
under predicted. Looking at test results for short gage length specimens. they clearly
show that any small change in the geometry has a great effect on the ductility and load
behaviour. Taking into account the geometric sensitivity of the test results and the
limitation of the fracture criterion in modeling the coalescence process, the maximum

error of 6% for the predicted diameter at fracture can be considered to be quite good. For

comparison. the predicted ratios of diameter D4 at fracture for a constant D, are tabulated

in Table 5.9. The maximum error for a constant D, is 9%. However. regardless of the
prediction of the diameter D4 at fracture, the predicted peak stress matches well with the
measured stress. As can be seen in Table 5.10, all predicted and measured peak stresses
are within 2%. Figures 5.35 and 5.36 compare the measured and predicted stress versus

change in diameter curves with for n=0.5 and D, = 1.078x10° (MPa)>. The analytical

results closely match the measured values for all specimens even though the sgq versus

G q relationship is calibrated from just a single test specimen.

Figure 5.37 shows the measured and predicted change in the apparent elastic
modulus as the specimens were loaded. The drop in the measured apparent elastic
modulus was much faster than the predicted one. One reason may be the fact that the

proposed model assumes the effective elastic modulus does not change with deformation,
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and any change in the apparent elastic modulus is caused by the nucleation and expansion

of voids. But in actual fact, the effective elastic modulus may have decreased with
deformation. The model may also under predict the damage in the specimen. But due to
the difficulty in obtaining a reasonably accurate void count, no test was designed to

measure the actual state of damage at different stages of loading.

5.4.2 AN Heat Treatment

Using similar procedures as for the AS heat treatment, the parameters and
material properties used in the analyses for the AN treatment are calibrated against the
test result of AN1g50r5. The parameters and material properties are shown in
Table 5.11. Four numerical analyses are carried out for each specimen with values of n:
0.1, 0.5, 1.0 and 1.5. As can be seen in Figure 5.38, the graphs show that the material
model is able to closely predict the measured load versus change in diameter regardless
of the value of n. The same conclusion was reached for the AS heat treatment. Thus. the
n that corresponds to zero err is the chosen value for the heat treatment. To illustrate the
effect of n. plots of measured and predicted radial versus axial deformation for AN1g2r5
with different n are shown in Figure 5.39. Similar to the AS heat treatment, the 50 mm
gage length specimen is excluded in the calculation for err. Values of err for various n
and various specimens are tabulated in Table 5.12. The local minimum of err on the
curve fit third order polynomial through the results corresponds to n =0.581. Similar to
AS heat treatment. n of 0.5 was selected as the parameter for the AN heat treatment. As
shown respectively in Figures 540 and 5.41, the predicted radial versus axial
deformation plots for n =0.5 provides a better fit to the measured values thann=1.0.

Similarly, the D, value is chosen such that the absolute percentage error of the
predicted and measured ratio of diameter D4 at fracture among all specimens is minimal.
For AN specimens, D, is calibrated to be 7.78x10° (MPa)Z. Figure 5.42 shows the
comparison of the predicted and measured NM specimens load versus deformation curve
forn=0.5 and D, = 7.78x10° (MPa)>. Again, the material model is able to reproduce the
load versus deformation curves of all test specimens even though the material properties
are calibrated from just a single specimen. The predicted and measured diameters at

fracture are listed in Table 5.13, and the maximum error is less than 4%. Similar to AS
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heat treatment, the proposed fracture criterion under predicts the ductility of the 50 mm

gage length specimen and over predict the ductility of 2 mm gage length specimen. For

comparison, the maximum error doubled when D, is assumed to be constant. The

predicted diameters at fracture for a constant D, are shown in Table 5.14. Table 5.15

also shows the good agreement between the predicted and measured peak stresses.

5.4.3 NM Heat Treatment

Four numerical analyses are carried out for each specimen with values of n equal
to 0.5, 1.0, 1.5 and 2.0. Parameters and material properties used in the analyses are
shown in Table 5.16. These parameters and material properties are calibrated against
NMI1g50r5. Figures 5.43 and 5.44 show the same characteristic as AS and AN
specimens in term of the variation of load versus change in diameter and the radial versus
axial deformation plots with respect to different n. For a short gage length specimen,
there is a considerable stress concentration occurs at the neck region. Consequently, the
damage at the neck region becomes more localized with a higher n, and the overall
volume change due to damage is thus reduced. This is illustrated in Figure 5.44. Asn
becomes larger, the difference between the radial versus axial deformation curves gets
smaller for different n. Using (5.15), the calculated values of err for different n are
tabulated in Table 5.17. The local minimum of err on the curve fit third order polynomial
through the results corresponds to n = 1.32. The differences bewteen the predicted results
forn=1.0 and n= 1.5 are small. Thus an n value of 1.5 is selected for analyses of all the
NM specimens since analyses with n = 1.5 have already been carried out. Figures 5.45
and 5.46 show the radial versus axial deformation plots for n=1.5 and n=1.0. Even
though n = 1.5 provides a better fit to the test data, it is difficult to discern that from plots

alone.

For the NM heat treatment, the most suitable D, is 5.34x10° (MPa)’. Bluhm and
Morissey (1965) in their tests observed that as the strength of the material increases, the
duration of stable void coalescence reduces. This may be partly due to the increase in
relative stiffness of the test specimen to the test machine stiffness. The higher relative
stiffness of a test specimen contributes to an earlier onset of unstable crack growth. Since

the NM specimens have greater strength and less ductility than both the AS and AN
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specimens, the range of error in the predicted fracture diameter is expected to be smaller

due to a shorter duration of stable void coalescence. Table 5.18 shows that the maximum
error is 3%. But discounting NM1g6r5, the difference in the error is only 1.3% among
the other three specimens. As can be seen in Table 5.20, the peak stress for NM1gé6r5 is
under predicted by 1.8%. Similar to AS1g2rl5, the over prediction of the NM1gér5
ductility is magnified due to the under prediction of the hydrostatic tension. For
comparison, the predicted fracture diameter for a constant D, are tabulated in Table 5.19.
Discounting NM1gé6r5, the difference in the error for the predicted diameter at fracture

with a constant D, is 6%. Figure 5.47 compares the predicted and measured load versus
deformation curves for NM specimens with n=1.5 and D, = 5.34x10° (MPa)>. In

general, the proposed damage model gives a good prediction of the load deformation

behaviour of the NM specimens.

5.4.4 Overall Results of Numerical Analyses

Overall, the proposed model is able to provide for all specimens, a good
prediction of the load versus deformation behaviour and when fracture occurred. In order
to compare the overall predicted shape of the specimens when close to fracture. the
deformed finite element mesh is superimposed onto the digital photograph taken at the
matching D4 diameter. Figures 5.48 to 5.50 show some of the comparisons for different
heat treatments. The predicted deformed shape matches well with the actual specimen
shape in the necking region. But in Figures 5.49 and 5.50, starting at the transition region
of the specimen away from the reck area, the deformed mesh appears to have extended
more than the actual specimen. The discrepancy is mainly due the optical effect caused
by the positioning of the camera, the surface profile of the transition region and the shape
of the specimen. As can be seen in Figure 4.51, there is disagreement even before any
load is applied. This disagreement shows up in the photograph of an object with a
concave surface profile, as in the case of the transition region.

The calculated values of the critical damage limit D, for different specimens and

heat treatments are summarized in Table 5.21. It shows that the value of D, increases

with the gage length and the ductility. A larger D, allows for greater damage, and thus
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greater ductility. All specimens have D, greater than 0.16 except for NM1g2r5. As
stated in Section 5.1, all specimens exhibited a cup-cone type fracture surface except for
NM1g2r5 whose fracture surface is predominantly flat and shiny. This type of fracture
surface is associated with a brittle mode of fracture. Thus, the type of fracture surface
exhibited by NM1g2rS5 is reflected in its rather low D, as compared to other specimens.

Figures 5.52 to 5.57 show some of the contour plots of the damage state and the
hydrostatic stress at close to fracture. In all cases, the numerical analyses predict that
fracture is initiated from the axis of the specimen. Figures 5.58 and 5.59 clearly show
that the effective hydrostatic tension at the centre of the specimen increases with the
reduction in the gage length. This is consistent with the lower ductility observed in the

shorter gage length specimens.

5.5  Sensitivity of the Axial Deformation to Geometric Imperfection

As mentioned in the previous section, the axial deformation of specimens with
50 mm gage length is very sensitive to any geometric imperfection. When the gage
length is long, the stress is almost uniform throughout the reduced area region. This
stress distribution exists up to the initiation of necking. Due to the stress uniformity in
the reduced area region, necking can be triggered at any location due to its local
geometric imperfection. Thus for a 50 mm gage length specimen. there is no specific
location at which necking is expected. The actual location will depend on the
imperfections. To demonstrate this phenomenon, AS1g50r5 is reanalyzed with different
patterns of imperfection.

There are three patterns of imperfection considered. They are shown in
Figure 5.60. Imperfect_1 has a full sine wave imperfection surface profile on half of the
reduced area region. The amplitude of the imperfection is 0.04 mm or 0.3% of the
specimen diameter. Imperfect_3 is the same as imperfect_2 except that the imperfection
is duplicated for both half of the reduced area region. The last pattern is imperfect_2,
which has amplitude of 0.04 mm for half of the reduced area region and 0.02 mm for the
other half. The load versus deformation curves for all cases are plotted in Figures 5.61
and 5.62. It can be seen in Figure 5.61, the load versus radial deformation curves fall on

top of each other. This indicates that the load versus radial deformation response of the
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specimen is not sensitive to the geometric imperfection. However, the load versus axial

deformation curves vary with the imperfection. In the case of imperfect I, there is a
distinct weak point in the specimen. Consequently, necking starts earlier than the perfect
specimen. However, for imperfect 2 and imperfect_3, there are two weak points for
necking to initiate. Necking occurs at two locations until one takes over, or a new
necking develops and dominates. Thus depending on when a particular necking location
starts to dominate, the descending portion of the load versus axial deformation curve may
either be steeper or gentler than for a perfect specimen. As in Figure 5.62, the
descending part of the load versus axial deformation curve for imperfect_3 is shallower
than for the perfect specimen whereas that for imperfect_2 is steeper. Due to the
geometric imperfection sensitivity of a load versus axial deformation curve, only the load
versus radial deformation result is used for calibrating the parameters and material
properties in the numerical analyses. The deformed meshes of all imperfection patterns
are also shown in Figure 5.63. The location of necking varies with the pattern of the
imperfection. This is part of the reason why necking does not occur at the same place for

all 50 mm gage length specimens.

5.6  Comparison to Models by Matic et al. and Lemaitre

Only results from material models by Maticetal. (1987) and Lemaitre (1984.
1985) are compared to the proposed model because they require less eftfort to implement
in the numerical analyses. The model by Matic et al. is an incremental plasticity model
with fracture occurring when the total absorbed strain energy density reaches a critical
limit. Lemaitre's model is similar to the proposed model except that it does not consider
plastic volume change with damage and the critical damage limit D, is constant. To carry
out the comparison, numerical analyses for the AS specimens are performed using the
models by Matic et al. and Lemaitre. The parameters and material properties used in the
analyses are listed in Table 5.22.

Figures 5.64 and 5.65 show the load versus radial deformation plots of the three
models without applying any fracture criterion. Since all parameters and material
properties are calibrated from the load versus radial deformation curve, it is not surprising

that all three models give good agreement to the test results. When the axial versus radial
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deformation for the three models are plotted, models by Matic et al. and Lemaitre under

predict the axial deformation since their models do not accommodate plastic volume
change. This can be seen in Figures 5.66 and 5.67, and the tabulated values of err in
Table 5.23. However the differences between results from three models are not big
because damage is very localized as can be seen in Figures 5.52 and 5.54.

Using the same criterion to select the fracture limit as in Section 5.4, the predicted
to measured ratio of diameter D4 at fracture for all three models are shown in Table 5.24.
The maximum error from the proposed model is only 5.9%, as compared to 12% from the
model by Lemaitre and 12.9% by Matic etal. The prediction by Matic etal. has the
largest error because the absorbed strain energy density in a plastic deformation is
independent of the hydrostatic stress. Thus the effect of hydrostatic tension is not taken
into account in the fracture criterion by Maticetal. In Lemaitre's model, the critical
damage limit is assumed to be constant. As a result, the error in the prediction is still
rather high. Furthermore in the analysis, n = 0.1 is used for the Lemaitre model because
it provides a better fit to the measured axial versus radial deformation curve than does a
larger n. However, a smaller n reduces the influence of the hydrostatic stress on the
damage rate. This is another reason why the maximum error for the diameter at fracture

as predicted by Lemaitre's model is close to prediction by the Matic et al. model.

5.7  Obtaining Parameters and Material Properties in Practical Application

In the preceding sections. the parameters and material properties are obtained
through calibration with test specimens of different gage length. Optimally. specimens
with different gage length should be used to calibrate the parameters and material
properties so the effect of hydrostatic stress can at least be quantified. However it is not
always feasible to carry out different tension tests in practice. Even if tests with different
gage lengths are carried out, it is difficult to measure the surface profile of the specimen
accurately enough to provide a close numerical simulation. As illustrated in the test
results, the load versus deformation response of a short gage length specimen is sensitive
to the surface profile at both the transition and neck regions. However, the load versus
radial deformation response for long gage length specimens, such as ASIg50r5 and

AS1g50r7, does not vary much. Thus a standard ASTM round tension coupon test will
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be an ideal choice for calibrating the effective true stress versus true strain curve. The

choice of a round specimen is due to the ease and efficiency in the numerical simulation
using an axisymmetric element rather a 3D solid element, which is required for a
rectangular coupon. Due to the geometric imperfection sensitivity of the load versus
axial deformation behaviour, as outlined in Section 5.5, the radial deformation should be
measured in addition to the usual axial deformation.

In the numerical simulation of test specimens, the parameter n is calibrated from
the short gage length specimens and the parameter D, from all specimens. Based on the
limited test results for the 50 mm gage length specimens, the parameter n is plotted
against the ratio of cross-section area at fracture over the original area, Ag/A,. The two
marks on the graph in Figure 5.68 correspond to the result for NM1g50r5, and the
average of AS1g50r5, AS1g50r7 and AN1g50r5 respectively. Unless the actual test
using a short gage length specimen is carried out. the graph in Figure 5.68 may be used as

a guide to select the parameter n. Since there arc only two points available from the test
result, the value of n is taken as 1.5 for Ay/A, greater than 0.48, and n equal to 0.5 when
A¢/A, is less than 0.38. However caution should be exercised when using Figure 5.68

since it is based on a very limited data set. As mentioned in Chapter 3. the onset of
unstable void coalescence and the duration of the stable void coalescence depend on
many factors such as the specimen size, the relative stiffness of the testing machine and

the test specimen. the loading rate and the dynamic effect of crack propagation. Due to

the uncertainty and the complexity of the fracture process, D, may be calibrated using the
measured diameter (d;) at fracture from a standard ASTM tension material test.
However, to be conservative, 105% or 110% of df may be considered as the fracture

diameter for calibrating D, instead of the actual measured value because the duration of

the stable void coalescence process is longer for a long gage length specimen than a short

gage length specimen.
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Table 5.1 = Measured peak stress and diameter D4 at fracture.

Peak | Dia. D4 @ fracture Peak | Dia. D4 @ fracture

stress over undeformed stress over undeformed
Specimen| MPa diameter Specimen| MPa diameter
AS1g2r5| 638.5 0.787 NMlg2rS| 732.5 0.847
AS1g2rl5| 5784 0.749 NMlgbrS| 6504 0.813
ASlg6r5| 572.8 0.716 NMlgl2ry 602.6 0.707
ASlgl2r5| 5379 0.680 NM1g50ry 583.6 0.688
AS1g50r5| 516.6 0.616
AS2g50r5| 5223 0.628 AN1g2r5| 615.7 0.788
AS3g50r5) 523.1 0.637 ANl1g6rS| 550.5 0.731
AS1g50r7] 520.3 0.611 ANlgl2r5| 5179 0.683

AN1g50r5| 494.5 0.627

Table 5.2  Comparison of camera and caliper data.

Difference between camera and caliper reading, mm
G2 - extension G3 - extension D4 - diameter
Standard Standard Standard
Specimen | Max. | Averagejdeviation| Max. | Average|deviation| Max. Average|deviation)
ASlgér5 | 0.16| 0.06 0.09 ]0.16] -0.03 | 0.09 |0.16| 0.07 0.05
ASlgl2r5| 0.18] -0.02 | 0.09 1024 -004 | 0.12 [0.10] -0.01 0.06
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Table 5.3 Engineering stress versus engineering strain used for NM heat

treatment.
Measured for NM1g50r5 Used
Extensometer | Estimated strain, | Epgineering | Strain, | Engineering
strain, mm/mm | (d/d)*-1, mm/mm| stress, MPa | mm/mm | stress, MPa

0.00000 0.00000 4.44 0.00139 280.00
0.00495 0.00434 401.39 0.00495 401.39
0.01303 0.01164 454.88 0.01303 454.88
0.02788 0.02499 513.94 0.02788 513.94
0.04711 0.04474 549.93 0.04711 549.93
0.07013 0.06984 562.45 0.07013 562.45
0.09283 0.08926 580.08 0.09283 580.08
0.11381 0.11599 583.60 0.11599 583.60
0.13399 0.15976 583.46 0.15976 583.46
0.15214 0.21578 576.70
0.16685 0.29915 567.29

0.39853 551.32

0.55912 531.37

0.62580 522.62

0.70325 512.81

0.77266 501.01

0.91716 483.25

1.01663 468.27

1.11515 443 90
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Table 5.4  Engineering stress versus engineering strain used for AN heat

treatment.
Measured for AN1g50r5 Used
Extensometer | Estimated strain, | Engineering | Strain, | Engineering
strain, mm/mm | (d/d)>-1, mm/mm|  stress, MPa | mm/mm | stress, MPa

0.00000 0.00000 0.00
0.00156 0.00000 340.95 0.00156 330.00
0.01247 0.00725 331.40 0.01247 331.40
0.02570 0.02799 344.06 0.02570 344.06
0.04201 0.04320 404.51 0.04201 404.51
0.06155 0.06348 440.30 0.06155 440.30
0.08583 0.09090 464.89 0.08583 464.89
0.11186 0.11940 480.33 0.11186 480.33
0.13848 0.14725 484.77 0.13848 484.77
0.18178 0.17800 490.21 0.18178 490.21
0.19824 0.22747 494.52 0.22747 49452
0.23863 0.29489 491.40 0.29489 491.40
0.27453 0.37032 488.02
0.31523 0.49647 474.83
0.35881 0.67787 454.02
0.44143 0.91334 428.63
0.45675 1.04166 416.64

1.11959 408.15

1.23065 398.94

1.36634 388.07

1.50333 371.70

1.54382 359.60
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Table 5.5 Engineering stress versus engineering strain used for AS heat

treatment.

Measured for AS1g50r5S Used
Extensometer | Estimated strain, | Epoineering | Strain, | Engineering
strain, mm/mm | (d,/d)’-1, mm/mm|  stress, MPa | mm/mm | stress, MPa

0.00000 0.00000 2.99 0.00163 350.00
0.00307 0.00000 347.98 0.00307 350.00
0.00759 0.00000 349.58 0.00759 350.00
0.02250 0.02054 360.21 0.02250 360.21
0.03089 0.03257 404.28 0.03089 404.28
0.04381 0.04790 443.04 0.04381 443.04
0.05764 0.05883 465.37 0.05764 465.37
0.07724 0.07960 493.69 0.07724 493.69
0.09750 0.09600 500.20 0.09750 500.20
0.11949 0.12130 509.31 0.11949 509.31
0.14253 0.14041 515.16 0.14253 515.16
0.16706 0.16728 516.62 0.16728 516.62
0.19330 0.19133 514.69 0.19133 514.69
0.22123 0.22982 510.97 0.22982 510.97
0.24809 0.33240 508.18 0.28000 506.00
0.26820 0.42350 501.07 0.40000 493.00

0.56589 485.24

0.64829 47594

0.75404 462.44

0.81961 453.54

0.90022 448.49

0.99444 439.18

1.09145 428 48

1.19103 417.18

1.29287 403.88

1.40198 394.98

1.57188 379.09

1.63872 370.00
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Table 5.6  Material properties and parameters used in the analyses for AS heat
treatment.
Elastic modulus = 215000 MPa Poisson's ratio = 0.3 £, = 0.0
n=01 s"=033/n=05 s"=022|n=1.0 s"=0.4|n=15 s"=0.09
True |Effective| True |Effective] True |Effective| True [Effective
plastic true plastic true plastic true plastic true
strain, stress, strain, stress, strain, stress, strain, stress,
mm/mm| MPa |mm/mm| MPa |mm/mm| MPa |mm/mm| MPa
0.00000 350 ] 0.00000] 350 | 0.00000] 350 [ 0.00000 350
0.00143 351 0.00143 351 0.00143 351 0.00143 351
0.00590 353 0.00592 | 353 0.00592 | 353 0.00592 | 353
0.02041 370 {0.02050 | 369 | 0.02053 369 ] 0.02054 | 368
0.02828 420 | 0.02843 418 10.02847 | 417 | 0.02848| 417
0.04037 | 468 0.04062 | 465 | 0.04070| 463 | 0.04072| 463
0.05321 499 ]0.05358 ] 496 |0.05370 | 494 | 0.05374| 493
0.07108 542 | 0.07163 537 ]0.07184 | 534 |0.07190 533
0.08928 563 0.09004 ] 556 | 0.09034 | 552 | 0.09043 551
0.10859 587 | 0.10959 579 | 0.11001 575 | 0.11015 572
0.12839 609 | 0.12966 | 600 | 0.13021 594 10.13040 | 592
0.14922 | 628 0.15078 | 617 | 0.15148| 610 | 0.15173 607
0.16896 642 10.17080 | 630 |0.17166| 622 | 0.17198 618
0.19974 | 663 0.20206 649 | 0.20318 640 | 0.20362 635
0.23833 690 | 0.24128 1 674 | 0.24278| 662 | 0.24338 656
0.32431 752 | 0.32879 730 | 0.33123 714 ] 0.33231 705
0.35783 775 0.36293 749 | 0.36579 730 ] 0.36710 719
4.00000 | 3282 | 4.00000 | 2820 | 4.00000 | 2435 [ 4.00000| 2163

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 5.7 Calculated err for AS heat treatment.

Specimen

€IT

n=0.1

n=0.5

n=1.0

n=1.5

ASIgr5

0.010194

0.012472

0.018532

0.021073

ASlgris

0.016069

0.009791

0.012766

0.015933

AS1g6rs

0.019002

0.009521

0.009652

0.013381

ASIglars

0.019381

0.008914

0.009851

0.014416

Sum X

0.064645

0.040697

0.050802

0.064804
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Table 5.8  Measured and predicted diameter D4 at fracture for AS heat treatment
with D, = 1.078x10° (MPa)? and the corresponding calculated D..
Ratio of diameter D4 over the original diameter| Corresponding
at fracture calculated D, at
Specimen Measured Predicted % error | predicted failure
AS1g2r5 0.787 0.750 -4.8 0.218
AS1g2rl5 0.749 0.705 -5.9 0.265
ASlg6rs 0.716 0.696 -2.8 0.290
ASl1gl2r5 0.680 0.667 -2.0 0.301
AS1g50r5 0.616 0.648 5.1 0.314
AS1g50r7 0.611 0.647 59 0.314
Table 5.9  Measured and predicted diameter D4 at fracture for
AS heat treatment with constant D, = 0.278.
Ratio of diameter D4 over the original diameter
at fracture

Specimen Measured Predicted % error

AS1g2r5 0.787 0.716 -9.1

AS1g2rl5 0.749 0.697 -6.9

AS1g6rs 0.716 0.703 -1.8

AS1gl2r5 0.680 0.679 -0.1

AS1g50r5 0.616 0.667 8.2

AS1g50r7 0.611 0.666 9.1
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Table 5.10 Measured and predicted peak stress for AS heat

treatment.
Peak stress, MPa
Specimen Measured Predicted % error
AS1g2r5 638.5 6329 09
ASlg2rl5 586.8 578.0 -1.5
AS1g6r5 572.8 568.0 -0.8
ASl1gl2r5 537.9 533.7 0.8
AS1g50r5 516.6 517.3 0.1
AS1g50r7 520.3 5172 0.6

Table 5.11 Material properties and parameters used in the analyses for AN heat
treatment.

Elastic modulus = 212000 MPa Poisson's ratio = 0.3 e, = 0.0

n=0.1 s"=028[n=05 s"=020{n=1.0 s"=0.15|n=15 s"=009
True |Effective| True |Effective] True |Effective] True |[Effective
plastic true plastic true plastic true plastic true
strain, stress, strain, stress, strain, stress, strain, stress,
mm/mm| MPa |mm/mm| MPa |mm/mm| MPa |mm/mm| MPa
0.00000 330 0.00000 330 0.00000 330 0.00000 350
0.01077 336 0.01080 336 0.01081 336 0.00143 351
0.02359 355 0.02368 354 0.02370 353 0.00592 353
0.03891 425 0.03908 423 0.03914 422 0.02054 368
0.05706 474 0.05737 470 0.05748 469 0.02848 417
0.07920 514 0.07968 510 0.07987 507 0.04072 463
0.10237 547 0.10307 541 0.10334 538 0.05374 493
0.12552 568 0.12645 561 0.12683 557 0.07190 533
0.16196 601 0.16327 592 0.16384 587 0.09043 551
0.19889 635 0.20061 624 0.20139 617 0.11015 572
0.25082 673 0.25317 660 0.25428 651 0.13040 592
0.28754 694 0.29035 677 0.29171 669 0.15173 607
4.00000 | 2817 | 4.00000 | 2494 | 4.00000 | 2361 | 4.00000| 2094

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Table 5.12 Calculated err for AN heat treatment.

Specimen

err

n=0.1

n=0.5

n=1.0

n=1.5

AN1g2r5

0.007193

0.011236

0.015905

0.018817

AN1g615

0.016639

0.005938

0.005286

0.008115

ANlgl2r5

0.015524

0.005273

0.007968

0.013356

Sum

0.039357

0.029159

0.040288

0.022447

Table 5.13 Measured and predicted diameter D4 at fracture for AN heat treatment
with D, = 7.78x10* (MPa)’ and the corresponding calculated D..

Ratio of diameter D4 over the original diameter| Corresponding
at fracture calculated D, at
Specimen Measured Predicted % error predicted failure
AN1g2r5 0.788 0.758 -3.9 0.168
AN1g6r5 0.731 0.704 -3.7 0.232
ANlgl2r5 0.683 0.673 -1.5 0.244
AN1g50rS 0.627 0.651 3.8 0.256

Table 5.14 Measured and predicted diameter D4 at fracture for

AN heat treatment with constant D, = 0.216.

Ratio of diameter D4 over the original diameter
at fracture
Specimen Measured Predicted % error
AN1g2r5 0.788 0.723 -8.3
AN1g6r5 0.731 0.716 -2.1
ANlgl2r5 0.683 0.694 1.6
AN1g50r5 0.627 0.679 8.2

Table 5.15 Measured and predicted peak stress for AN heat

treatment.
Peak stress, MPa
‘Specimen Measured Predicted % error
AN1g2r5 615.7 602.4 -2.2
AN1g615 550.5 543.2 -1.3
ANI1gl2r5 517.9 5114 -1.3
AN1g50r5 494.5 495.2 0.1
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Table 5.16 Material properties and parameters used in the analyses for NM heat

treatment.
Elastic modulus = 202000 MPa Poisson's ratio = 0.3 £gq, = 0.0
n=05 s"=020|n=10 s"=013|n=1.5 s"=0.08n=20 s"=0.055
True |Effective| True |Effective] True |Effective] True | Effective
plastic true plastic true plastic true plastic true
strain, stress, strain, | stress, strain, stress, strain, | stress,
mm/mm| MPa |mm/mm| MPa |mm/mm| MPa | mm/mm| MPa
0.00000 280 0.00000 280 0.00000 280 0.00000 280
0.00294 404 0.00294 403 0.00294 403 0.00294 403
0.01065 461 0.01066 461 0.01066 461 0.01066 461
0.02482 530 0.02486 529 0.02488 529 0.02488 528
0.04303 580 0.04312 578 0.04316 577 0.04317 576
0.06449 608 0.06467 605 0.06475 604 0.06478 603
0.08514 643 0.08541 639 0.08554 637 0.08559 636
0.10387 661 0.10424 657 0.10443 654 0.10644 654
0.14366 693 0.14426 687 0.14458 683 0.14471 681
0.18514 715 0.18602 707 0.18652 701 0.18672 698
4.00000 | 2714 | 4.00000 ] 2499 | 4.00000 | 2328 | 4.00000| 2224
Table 5.17 Calculated err for NM heat treatment.
err
Specimen | n=05 | n=10 | n=15 | n=20
NM1g2r5 | 0.01368 | 0.00842 | 0.00643 | 0.00682
NMIlgérs | 0.01210 | 0.00713 | 0.00592 | 0.00634
NMIlgl2r5 | 0.00779 | 0.00423 | 0.00622 | 0.00831
Sum X 0.03357 | 0.01979 | 0.01857 | 0.02147
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Table 5.18 Measured and predicted diameter D4 at fracture for NM heat treatment
with D, = 5.34x10* (MPa)? and the corresponding calculated De.

Ratio of diameter D4 over the original diameter| Corresponding
at fracture calculated D, at
Specimen Measured Predicted % error predicted failure
NM1g2r5 0.847 0.862 1.7 0.097
NM1gérs5 0.813 0.789 -3.0 0.161
NMIgi2r5 0.707 0.728 3.0 0.171
NM1g50r5 0.688 0.702 2.1 0.177

Table 5.19 Measured and predicted diameter D4 at fracture for
NM heat treatment with constant D. = 0.166.

Ratio of diameter D4 over the original diameter
at fracture
Specimen Measured Predicted % error
NM1g2r5 0.847 0.824 -2.8
NMI1g6r5 0.813 0.786 -3.4
NMlgl2r5 0.707 0.731 3.4
NM1g50rS 0.688 0.708 3.0

Table 5.20 Measured and predicted peak stress for NM heat

treatment.
Peak stress, MPa
Specimen Measured Predicted % error
NM1g2r5 732.5 729.0 -0.5
NMlg6rs 659.4 647.4 -1.8
NMIlgli2r5 602.6 605.8 0.5
NM1g50r5 583.6 585.0 0.2
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Table 5.21 Calculated D, at fracture for specimens with 5 mm

transition radius.
Corresponding calculated D, at predicted failure
Gage length AS AN NM
g2 0.218 0.168 0.097
g6 0.290 0.232 0.161
gl2 0.301 0.244 0.171
250 0314 0.256 0.177

80

Table 522 Material properties and parameters used in the analyses for models by

Lemaitre and Matic et al.

Elastic modulus = 215000 MPa Poisson's ratio = 0.3

n=0.1s"=036 ¢l =00 (Lemaitre) Matic et al.

True plastic strain, | Effective true stress,| True plastic strain,
mm/mm MPa mm/mm True stress, MPa
0.00000 350 0.00000 350
0.00143 351 0.00143 351
0.00592 353 0.00592 353
0.02053 371 0.02054 368
0.02847 421 0.02848 417
0.04070 469 0.04073 462
0.05371 501 0.05375 492
0.07187 545 0.07193 532
0.09040 566 0.09048 549
0.11012 592 0.11022 570
0.13038 616 0.13051 589
0.15173 636 0.15189 603
0.17201 652 0.17219 613
0.20371 676 0.20393 628
0.24357 708 0.24385 647
0.33283 783 0.33327 687
0.36780 810 0.52715 748
4.00000 3595 0.68950 784

0.87171 809
4.00000 1235
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Table 5.23 Err values for different material models.

81

err
Specimen | Proposed | Lemaitre | Matic et al.
ASlg2r5 | -0.0319 -0.0604 -0.0609
ASlg2rl5 | -0.0240 -0.0718 -0.0769
AS1g6rS 0.0077 -0.0539 -0.0602
ASlgl2r5 | 0.0041 -0.0960 -0.1125
Sum 2 -0.0440 -0.2820 -0.3105

Table 5.24 Predicted diameter D4 at fracture for various material models.

Ratio of diameter D4 over the original diameter at fracture
Proposed, D, = Lemaitre, Matic et a{., SEra{n-
s ) D.=0316 energy density limit =
1.078 X IO MPa c - 0.553 Nm/m3

Specimen |Measured] Predicted| % error |Predicted| % error | Predicted | % error
AS1g2r5| 0.787 0.750 -4.8 0.693 -12.0 0.686 -12.9
ASlg2rl5| 0.749 0.705 -5.9 0.696 -7.1 0.695 -7.2
ASigérS| 0.716 0.696 2.8 0.708 -1.1 0.708 -1.1
ASlgl2r5| 0.680 0.667 2.0 0.696 2.3 0.700 2.9
AS1g50r5] 0.616 0.648 5.1 0.684 11.1 0.690 12.0
AS1g50r7| 0.611 0.647 5.9 0.684 12.0 0.690 12.9
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Overall Mesh at the neck section is magnified for clarity.

Figure 5.13  Finite element mesh for AS1g2rl5.
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Figure 5.14  Finite element mesh for AS1g2r5, NM1g2r5 and AN1g2r5.
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Figure 5.15  Finite element mesh for AS1g6r5, NM1g6r5 and AN1g6r5.
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Figure 5.16  Finite element mesh for AS1g12r5, NM1g12r5 and ANIlgl2r5.
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Figure 5.17  Finite element mesh for AS1g50r5, NM1g50r5 and AN1g50r5.
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Overall Mesh at the neck section is magnified for clarity.

Figure 5.18  Finite element mesh for AS1g50r7.
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Figure 5.19 Measured and analytical stress versus change in diameter D4 for
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Figure 5.20 Measured and analytical stress versus change in diameter D4 for
AS1g50r7.
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Figure 5.27 Measured and analytical stress versus extensometer displacement for
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Figure 5.28 Measured and analytical stress versus extensometer displacement for
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Figure 5.29 Measured and analytical extensometer displacement versus change in
diameter D4 for AS1gl2r5.
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Figure 5.30 Measured and analytical extensometer displacement versus change in
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Figure 5.35 Measured and analytical stress versus change in diameter D4 for AS
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Figure 5.37 Measured and predicted apparent elastic modulus versus change in
diameter D4 for load and unload specimens.
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Figure 538 Measured and analytical stress versus change in diameter D4 for
AN1g50r5.
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Figure 540 Measured and analytical extensometer displacement versus change in
diameter D4 for AN specimens with gage length less than 12 mm and
n=0.5.
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Figure 5,43 Measured and analytical stress versus change in diameter D4 for
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Figure 544 Measured and analytical extensometer displacement versus change in
diameter D4 for NM1gI2r5.
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n=1.5.
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n=1.0.
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Figure 547 Measured and analytical stress versus change in diameter D4 for NM
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AS1g50r5, D4=8.63 mm ANI1g50r5, D4=8.76 mm NM1g50r5, D4=9.76 mm

Figure 548  Superposition of the deformed mesh on the 50 mm gage length
specimen at close to fracture.
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Figure 5.49 Superposition of the deformed mesh on the 12 mm gage length
specimen at close to fracture.

AS1g2r5,D4=11.01 mm ANI1g2r5, D4=11.02 mm NM1g2r5, D4=11.87 mm

Figure 5.50  Superposition of the deformed mesh on the 2mm gage length
specimen at close to fracture.
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Figure 5.51  Superposition of the undeformed mesh on ASlgl2r5
before any application of load.
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Figure 5.52  Contour plot of the damage state D at close to fracture for
AS1g2rs.
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Figure 5.53  Contour plot of the negative hydrostatic pressure (-op) at
close to fracture for AS1g2r5.
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Figure 5.54  Contour plot of the damage state D at close to fracture for
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Figure 5.55 Contour plot of the negative hydrostatic pressure (-o}) at
close to fracture for AS1gl2r5.
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the specimen.
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different material models for AS1g6r5.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



122

4 T ; : :
= M H M H b
E - : : : 2t
=3 s o
. : <7
= _ I : :
c 3 abhthhttddlddddd dd arsesscccacsrreeren [Saadddd g g g o spereccscecrscee ? -----------------
g - : : : i
8 - : : : :
[} - . . .
s F : : : :
g 2 [ S bt b —
e i : a est
2 :
g L : : Proposed
% Lr - : - Lemaitre
g I : S R Matic etal.
0 » L L L ; 1 L 1 L ; L 1 1 1 ; L | S 1 L L L L 1
0 0.05 0.1 0.15 0.2 0.25

Ratio of change in diameter D4 over the original diameter

Figure 566 Measured and analytical extensometer displacement versus change in
diameter D4 with different material models for AS1g2r5.

5 -
E’ 4 - ----------------------------- frmmmnessesseseenaneneeenne N, ~Callhtaiiiiaaantttttt
Q - :

g - :

51 - :

= 3 S S .................. -4
&t & Test

S i :

8 9 becccrcccicciccrencecnneeees L ST
8 2 r Proposed

E ot

3 Y S e Lemaitre

‘:')é 1 - e ‘
<5] -« | === Matic et al.

0 ’, 1 L 3 L Ji | — L L 4 i 1 A L L

0 0.1 0.2 0.3

Ratio of change in diameter D4 over the original diameter

Figure 5.67 Measured and analytical extensometer displacement versus change in
diameter D4 with different material models for AS1g6r5.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



123

2.0 : . : .
B » E L] E »
- : ’
éo LS froeeeesseeeeeeenes o
o< - :
=
S o .
& I :
= - .
5 e
g 05 [ ;
3 B .
o R :
“ -
C
00 L 1 L L i 1 1 L L ; J 1 L ; L L 13 L " 1 1 I L
0 0.2 0.4 0.6 0.8 1

Ratio of cross-section area at fracture over original area, A¢/A,

Figure 5.68  Choice of n based on final cross-section area of tension coupon test.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



124
6 Application of the Damage Model

The ability to closely represent the behaviour of steel up to fracture enables a
better prediction of the capacity and the response of a steel structure. The proposed
damage model allows for the numerical testing of structural components, and provides a
useful alternative to costly physical tests. This is especially useful in the prediction for a
structural component where there is stress concentration. The stress concentration may
be due to defects or discontinuities in the geometry. In these situations, the material at
different points in the structure does not reach the ultimate strength simultaneously.
Thus, it is essential that the actual behaviour up to the point of fracture be known so that
the capacity can be analyzed accurately. In following sections, numerical simulations of
slotted tubular tension member tests and machined corroded pipe tests are carried out to
illustrate applications for the damage model.

In a tubular tension member test. end connections were fabricated by slotting the
tube longitudinally and inserting a gusset plate, which was then welded to the tube using
parallel longitudinal fillet welds. As a result, stress concentration occurs at the slotted
end of the assembly. The level of stress concentration is dependent on the relative length
of the weld to the circumference of the tubular member. Depending on the level of stress
concentration, premature fracture at the slotted end may reduce the capacity and the
ductility of the tension member. This type of connection is commonly used in steel
structures for a tubular tension member. [n a machined corroded pipe test. regions of the
pipe were machined so as to reduce the wall thickness, and thereby simulate the effects of
corrosion. This creates a weakened region in the pipe, thus induces stress concentration
and a reduction in the overall ductility. In the test, the pipe was subjected to a combined
axial load, internal pressure and bending moment to simulate conditions in the field.

The slotted tubular tension member tests by Cheng et al. (1998) carried out at the

University of Alberta are used in comparison with the results of numerical simulation.

6.1  Numerical Simulation
In most tension coupon material tests conducted, only the load versus longitudinal
deformation (or engineering stress versus engineering strain) relationship is measured.

As demonstrated in Chapter 5, this measurement does not accurately capture the post
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maximum load behaviour of the tension coupon test. Since the complete tension material

test result is not available, an idealized stress versus change in cross-section area response
for the material is used in the analyses. The idealization involves combining the test
results of either the actual material or the material with same grade up to the peak load,
and results from either AS, AN or NM heat treatment for the post peak response.

The commercial finite element package ABAQUS is used for the numerical
simulation. For these tests, a 3D solid element is required to accurately model the
necking and the triaxial state of stress in the ductile fracture process. However, modeling
using a 3D solid element requires considerably more computing effort than using a finite
strain shell element. Thus, a compromise is made regarding the accuracy of the modeling
and the computer effort by using a shell element. Even though a finite strain shell
element is able to capture the reduction in the thickness, it is unable to represent the
triaxial state of stress that exists when necking starts. Furthermore at the junction of
intersecting plates or shells, a triaxial state of stress exists but a shell element only

considers normal stress in two directions. Thus, (3.22) for the critical damage limit D, is

modified to account for this discrepancy. In a shell element the hydrostatic stress is given
by

1
oy =§(c” +G»,) (6.1)

where o5 is zero. Substituiing (6.1) into (3.22), the critical damage limit D is given by

Dcz_g_[)g—"’ (6.2)
(o1 +022)°

By assuming that the actual o;; in a shell element is an average of (6 +01,), (6.2)

therefore becomes

DC :ix_&_.T_ (6.3)
9 (U“"I'sz)-

Back substituting (6.1) into (6.3), the modified critical damage limit D to be used in a

shell element where there is a considerable out-of-plane normal stress is given by
4D,

D.=———.
Yon)”

(6.4)

[
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6.2  Slotted Tubular Tension Members

End connections for a tubular tension member are normally created by slotting the
tube longitudinally and inserting a gusset plate, which is then welded to the tube using
parallel longitudinal fillet welds. However, the overall strength of the tubular tension
member may be affected by the shear lag phenomenon at the connection depending on
the length of the fillet weld. Using the end connection configuration, the tests for the
slotted tubular tension member were conducted by pulling the gusset plate longitudinally
(Cheng et al., 1998). Dimensions for specimens tested are shown in Figure 6.1. All
specimens have fillet weld continued around the plate at the slotted end except for
PWCI.

The material properties and parameters used in the numerical analyses are shown
in Table 6.1. They are obtained through the numerical simulation of idealized stress
versus change in cross-section dimension curves of tension coupon tests for the HSS
section and the gusset plate. The idealized stress versus change in cross-section
dimension curves are shown in Figures 6.2 and 6.3. The material properties of AS heat
treatment are used as the basis to form the idealized stress versus change in cross-section
dimension for both the HSS section and the gusset plate. For example, using (5.14) and
the actual stress versus strain data of the tension coupon test of HSS 219 x 8.0 up to the
peak load. the graph for HSS 219 x 8.0 is plotted in Figure 6.2. This curve is then scaled
by the ratio of the ultimate strength of AS material to HSS 219 x 8.0 forming the
ascending segment of the idealized curve. The descending segment of the idealized curve
is assumed to follow the response of AS1g50r3, and the point of fracture of the AS
material. The idealized curve for the 20 mm gusset plate is also obtained using the

similar method.
Welding usually reduces the fracture toughness of the material. Therefore, the D,

at the weldment and the heat-affected zone is arbitrary assumed to be one-ninth that of

the virgin material. Based on the analogy drawn on (3.21) and (3.22) where Kic is the
plane strain fracture toughness, one-ninth D, is equivalent to one-third of the fracture
toughness of the original material. Thus, the fracture toughness of the weldment and the

heat-affected zone is assumed to be one-third that of the virgin material. The
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corresponding fracture points on the idealized tension coupon load-deformation curves

are shown in Figures 6.2 and 6.3. Due to the uncertainty of the fracture toughness at the
weldment and the heat-affected zone, numerical analyses with different D, may be
carried out in a parametric study.

To numerically simulate the test, a four-node finite strain shell element S4 is used
to model both the tube and the plate. Only one-eighth of the specimen is modeled. The
critical damage limit D, based on (6.4) is used in the analyses. The extra thickness due to
the weld is distributed evenly between the plate and the tube according to the tributary
width. The heat-affected zone is assumed to extend half a weld size beyond the toe of the
weld. Thus for a fillet weld of 6 mm, the heat-affected zone is 3 mm. The typical finite
element mesh and the thickening at the weld are shown in Figure 6.4. Since the ultimate
tensile strength of an idealized HSS section is different from that of the actual material.
the load from the numerical solution is scaled according to the ultimate tensile strength
ratio of the actual material to the AS material before comparing to the test results. The
actual measured ultimate tensile strength of the material is listed in Table 6.2 together
with the value for the AS heat treatment.

The comparisons of the test and predicted results are listed on Tables 6.3 and 6.4.
Based on the parameters selected. the numerical solution is able to give a reasonable
prediction of the test results. When the weld does not go around the end of the plate
(PWCI) or the weld length is short relative to the circumferential length of the tube
(SPEC2). fracture occurred at the slotted end. This occurrence is reflected in the
predicted location of fracture. In general, the predicted deformation at fracture is within
30% of the test value, with the exception of PWC7. The test to predicted peak load is
within 4%. For illustration, Figure 6.5 shows the actual and predicted deformed shape
when fracture is at the mid-length.

From the analytical results, a better understanding of the behaviour of the slotted
tubular tension member is obtained. Due to the shape of the HSS section, the gusset plate
restrains the tube from contracting circumferentially as the tube elongates. As a result,
hoop tension stress develops at the slotted end as indicated in Figures 6.6 and 6.8. The
hoop stress has an effect of stiffening the tube at the slotted end as compared to the
mid-length. Figure 6.7 shows the stress concentration at the end of the fillet weld for
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PWC1 where fracture eventually occurred. Since the weld did not continue around the

gusset plate for PWC1, the net section area at the slotted end is smaller than the rest of
the tube. Thus regardless of the stiffening effect of the hoop tension stress, fracture
occurred at the slotted end for PWC1. Even when the weld continues around the plate,
there is still considerable stress concentration at the slotted end as shown in Figure 6.8.
Thus depending on the ratio of weld length to the circumferential length of the tube, a
high stress concentration may result in fracture at the slotted end, such as SPEC2.
However, if the stress concentration is not very high, the stiffening effect of the hoop
tension stress will eventually cause necking and fracture to occur at the mid-length as
shown in most of the tests. The agreement is also quite good between the test and

predicted load-deformation curves. These comparisons are shown in Figures 6.9 to 6.12.

6.3  Machined Corroded Pipes

In the field, most pipes experience corrosion. Corrosion reduces the strength of
steel structures. Numerical tests are carried out to study the effect of corrosion on X70
(minimum yield strength of 482 MPa (70 ksi)) 609.6 mm diameter pipes. In order to
simulate corrosion, regions of the pipe were machined to a thinner wall thickness. The
loading for the pipe test is shown in Figure 6.13. The loading has been used extensively
by the pipeline research group at the University of Alberta (DelCol et al., 1998 and
Mohareb et al., 1994). Collars were provided at the ends of the test specimens to
minimize the end effects. During the test, the axial load and the internal pressure were
kept constant while the ends were subjected to an increasing bending rotation. This is to
simulate the increasing curvature due to soil movement. The following average stresses,
calculated based on the undeformed dimension of the pipe specimen with no corrosion,
are generated by the combined applied axial load and internal pressure:
¢ Anaxial tensile stress of 0.24 ¢, where o, is the ultimate tensile strength of the pipe.
e A hoop tensile stress of 0.64 c,.
All the tests were carried out with the same axial load and internal pressure. The
geometry of the specimens and their designation are tabulated in Table 6.5. Three test
specimens are considered in the numerical simulation. These specimens have three

corrosion shapes: no corrosion, circumferential groove and square patch. Sketches of
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corrosion patterns for specimens II and III are shown in Figures 6.14 and 6.15. There are

altogether six numerical simulations carried out, two for each specimen. A four-node
finite strain shell element S4 is used to model the pipe. Only half the pipe is modeled.
No geometry imperfection is considered in the modeling. Some of the finite element

meshes are shown in Figures 6.16 to 6.18. The differences between the finite element

models are listed below.
o [A - According to Table 6.5.
e [B - Same as [A, but the thickness over the length of a pipe diameter at the

mid-length is reduced to 98% of the measured average thickness.
o [IA - According to Table 6.5.

e [IB - Same as [IA, but the thickness is increased to 6.6 mm at a 3.4 mm wide
longitudinal strip along the machined corrosion boundary.

o [IIA - According to Table 6.5.

o [IIB - Same as IIA, but the thickness is increased to 9.40 mm at a 5.3 mm wide
longitudinal strip along the machined corrosion boundary.

Similar to the slotted tubular tension member tests, properties and parameters
used in the numerical analyses are obtained through the numerical simulation of an
idealized stress versus change in cross-section dimension curves for a pipe tension
coupon test. The load versus deformation curve of NM1g50r5 is used as the basis to
form the idealized load-deformation curve for the tension coupon test because its ultimate
strength is close to that of the pipe. Using the ascending segment of the test data for a
X70 pipe tension coupon by DelCol et al. (1998), the idealized load-deformation curve is
shown in Figure 6.19. The actual ultimate tensile strength of the pipe and the material for
NM material are tabulated in Table 6.6. The end moment from the numerical solution is
scaled according to the ultimate tensile strength ratio of the actual material to the NM
material before plotting. Properties and parameters used in the numerical analyses are
listed in Table 6.7.

In this discussion, the pipe specimen without any machined corrosion is referred
to as the plain pipe. The predicted deformed shapes at failure are shown in Figure 6.20.
For the pressurized plain pipe, multiple buckling waves are formed during the test until

one wave takes over and dominates the deformation. Since no geometric imperfection is
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considered in the numerical modeling, the greatest disturbance for a pressurized plain

pipe occurs at specimen ends because the collar restrains the pipe from expanding. Thus
two symmetric buckles formed at the end of the pipe for IA. In order for the numerical
solution to produce bulging in the middle, the modeling scheme for IB is adopted.
Figure 6.21 shows the predicted moment-curvature curves for [A and IB. For a
pressurized plain pipe, the most highly stressed point in the specimen is at the crest of the
bulge along the extreme compression face. This is indicated in the contour plots in
Figures 6.22 and 6.23. The state of damage is also the greatest at that location. However
at the end of the analysis, the state of damage along the pipe is not sufficiently high to
form any crack. Point 1 in Figure 6.23 marks the stage when the analysis for IB is
stopped.

For II and III, there is a weakened area in the pipe for bulging to take place.
Thus. no special moditication is required in the numerical simulation to produce failure at
the mid-length of the pipe. The measured and predicted moment versus curvature graphs
are shown in Figures 6.24 to 6.25. Point 1 in Figures 6.24 and 6.25 marks the stage
where the critical damage limit D, calculated using (6.4), is first exceeded in I[A and
IIIA respectively. They are the loading stages corresponding to the contour plots in
Figures 6.26 to 6.29. However, all the predicted curves show a sudden drop at the end.
This is due to the inability of the shell element to model the triaxial state of stress
involved in the necking process. As the pipe wall starts to neck, the increased hydrostatic
tension stress that develops stiffens that part of the pipe wall. This reduces the rate of
localization of the deformation that may otherwise occur. Comparing [IB to IIA in
Figure 6.24, a small increase in the thickness along the boundary gives a further
extension on the curvature before the moment drops. This is similar to the stiffening
effect caused by an increase in the hydrostatic tension stress. In Figures 6.24 and 6.25,
the instant of fracture, which is marked on the graphs, corresponds to the critical damage
limit D, being reached, based on both (3.22) and (6.4). The instant of fracture predicted
by the damage model is equivalent to the appearance of the surface crack on the pipe. In
Figures 6.24 and 6.235, the predicted appearance of the surface crack by (6.4) occurs at a
much earlier curvature than by (3.22). [n (6.4), the out-of-plane normal stress is assumed

to be the average of the in-plane normal stresses. But there is little out-of-plane stress at
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the surface of the pipe. Thus, (6.4) is more suitable for situations similar to the slotted

end of the tubular tension member where there is a large out-of-plane stress due to the
geometric configuration. Consequently instead of using (6.4), an 80% or 90% of (3.22)
may be more suitable for predicting fracture for a plate with no out-of-plane attachment.

[IA, IIB, IIIA and IIIB predict cracks to appear along the longitudinal boundary of
the machined corrosion. It can be seen in Figures 6.26 to 6.28, the state of damage and
the von Misés stress are the largest at the crest along the longitudinal boundary of the
machined corrosion. The reduction in the wall thickness of the pipe is also the largest at
that location as depicted in Figure 6.29. In contrast to [, the critical point in II and III is
not at the crest of the bulge along the extreme compression face even though the
magnitude of the buckle is the largest there. For II and III, the critical location is at the
crest along the longitudinal boundary because the constraint provided by material outside
the machined corrosion prevents the bulge from deforming freely, thus inducing a greater
stress.

This exercise provides a good illustration of another possible application of the
proposed model. However, with a shell element, the numerical analysis cannot properly
model the pipe wall thickness reduction. Thus if possible, a 3D solid element should be

used in the numerical analysis.
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Table 6.1  Material properties and parameters used in the analyses for the slotted
tubular tension member tests.

Elastic modulus =215000 MPa Poisson's ratio = 0.3 €, = 0.0

Plate HSS section
n=05 s =022 n=05 s =022
D, = 107800 (MPa)’ for the rest of the  |D, = 110300 (MPa)’ for the rest of the
plate. plate.
D, = 12000 (MPa)’ for the weldmentand {D, = 12300 (MPa)? for the weldment and
the heat affect zone. the heat affect zone.

True plastic strain, |Effective true stress,| True plastic strain, | Effective true stress,
mm/mm MPa mm/mm MPa
0.00000 350 0.00000 414
0.00143 351 0.00400 416
0.00592 353 0.00651 450
0.02050 369 0.01300 483
0.02843 418 0.02787 509
0.04062 465 0.04253 525
0.05358 496 0.05697 540
0.07163 537 0.07119 554
0.09004 556 0.08520 568
0.10959 579 0.09900 579
0.12966 600 0.11261 591
0.15078 617 0.15065 618
0.17080 630 0.17067 631
0.20206 649 0.20191 650
0.24128 674 0.24112 675
0.32879 730 0.32859 731
0.36293 749 0.36272 750
4.00000 2820 4.00000 2825
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Table 6.2 Ultimate tensile strength of the
materials for slotted tubular tension
member tests.

Static ultimate

Material strength, MPa
HSS 102x 6.4 449
HSS 102 x 4.8 451
HSS 219 x 8.0 431
10 mm gusset 474
20 mm gusset 476
AS heat treatment 516

Table 6.3 Test and predicted fracture location.

Fracture location
Specimen Test Analysis
PWC1 Slotted end | Slotted end
PWC2-PWC4 | Mid-length | Mid-length
PWCS-PWC7 | Mid-length | Mid-length
SPECI1 Mid-length | Mid-length
SPEC2 Slotted end | Slotted end

Table 6.4  Test and predicted results of the slotted tubular tension member tests.
Maximum load, kN Maximum deformation', mm
Test/ Test/
Specimen Test Analysis | Analysis | Test Analysis | Analysis
PWCl1 829.8 831.3 1.00 34.3 45.0 0.76
PWC2 868.6 847.6 1.02 134.7 128.9 1.04
PWC3 849.4 847.6 1.00 137.3 128.9 1.07
PWC4 874.8 847.6 1.03 141.9 128.9 1.10
PWC5 644.7 622.7 1.04 98.5 136.3 0.72
PWC6 634.0 622.7 1.02 102.6 136.3 0.75
PWC7 631.0 622.7 1.01 76.4 136.3 0.56
SPEC1 2160.0 | 2148.0 1.01 128.2 150.1 0.85
SPEC2 2138.6 | 2126.6 1.01 542 48.0 1.13
! Maximum deformation are from LVDT2 in PWC1-PWC7 and from LVDT3 in
SPECI1 and SPEC2.
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Table 6.5 Pipe dimensions.
Machined corrosion geometry
Axial |Circumferential| Remaining thickness,
Specimen| Corrosion shape |length, mm| length, mm mm
I No corrosion - - -
I Circumferential groove 64 305 6.30
il Square patch 305 305 9.20
General pipe geometry
Outside diameter = 609.6 mm
Average thickness = 12.7 mm

Table 6.6  Ultimate tensile strength of the pipe.

Static ultimate strength &,
Material MPa
Pipe 603
NM heat treatment 584
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Table 6.7 Material properties and parameters used in the analyses for the machined

corrosion pipe.
Elastic modulus = 202000 MPa Poisson'sratio=0.3 &g, = 0.0
Pipe
n=15 s"=0.08 D,=55900 (MPa)
True plastic strain, mm/mm Effective true stress, MPa
0.00000 387
0.00021 394
0.00049 439
0.00109 469
0.00186 487
0.00271 499
0.00508 519
0.00832 535
0.01521 553
0.02197 569
0.03628 594
0.05513 617
0.07279 632
0.10439 654
0.14454 684
0.18648 701
4.00000 2329
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i B »
Y . A
[Gusset plate
L2 AbL
/ VL
_L— Round HSS
L 60 mm
=2 .
L1
l e LVDT?2 LVDT1
to mid-length LVDT3
Gusset Weld
width B, sizea,
Specimen [ HSS tube size (mm x mm)] mm {L;, mm|L,, mm|L, mm| mm
pwct! 102x6.4(101.58x6.32) | 230 330 350 170 6
PWC2-PWC4| 102 x 6.4 (101.58 x 6.32) | 230 330 350 170 6
PWC5-PWC7| 102x 4.8 (101.73x4.53) | 200 350 300 150 5
SPEC1 219x8.0(219.69x 7.45) | 440 345 750 345 10
SPEC2 219x8.0(219.69x 7.45) | 440 345 680 275 10

! Welding did not continue around thi_grusset plate at the end of the slot.

Figure 6.1 Dimensions for the slotted tubular tension member test.
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Figure 6.2  Idealized stress versus change in cross-section for the HSS section
tension material test.
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Figure 6.3 Idealized stress versus change in cross-section for the gusset plate
tension material test.
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Figure 6.4  Typical finite element mesh for modeling slotted tubular tension
member tests.
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Figure 6.5 Specimen SPECI, the typical test and predicted deformed shape for
fracture at the mid-length of the specimen.
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Figure 6.6  Contour plot of the hoop stress on the HSS section

for PWCI.
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Figure 6.7  Contour plot of the longitudinal stress on the HSS section for
PWCI.
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Figure 6.9  Test and predicted load versus deformation curve for PWCI.
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Figure 6.10 Test and predicted load versus deformation curve for PWC2 and
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Figure 6.11 Test and predicted load versus deformation curve for SPECI.
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Figure 6.12  Test and predicted load versus deformation curve for SPEC2.
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Figure 6.13  Loading in the machined corroded pipe test.
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Figure 6.14 Pipe II with the circumferential groove
machined corrosion.
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Figure 6.15  Pipe III with the square patch machined corrosion.
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Figure 6.16  Finite element mesh for [B.

RN

Figure 6.17 Finite element mesh for IIB and the close-up of the machined
corrosion.
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Figure 6.18 Finite element mesh for IIIB and

corrosion.

800

146

the close-up of the machined

(=)
(=]
(=}

Engineering stress, MPa
o+
o
o

Fracture for the pipe

I Idealized
200 AR o Scaledpipe | TR
[ i X  NMIg50r5
TN N S S S S S
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Change in square root of cross-section area ratio, [I-(A/Ao)o's]

Figure 6.19 Idealized stress versus change in cross-section for the pipe tension

material test.
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Figure 6.21 Predicted moment versus global curvature for pipe I.
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Figure 6.26  Contour plot of the outer surface damage state D at the machined
corrosion for IIA corresponding to the loading stage where the critical

damage limit D¢, calculated using (6.4), is first exceeded.

SECTION POINT
MISES

Figure 627 Contour plot of the outer surface von Misés stress (Geq) at the
machined corrosion for IIA corresponding to the loading stage where

the critical damage limit D, calculated using (6.4), is first exceeded.
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Figure 6.28  Contour plot of the outer surface damage state D at the machined
corrosion for ITIA corresponding to the loading stage where the critical

damage limit D¢, calculated using (6.4), is first exceeded.

Figure 6.29  Contour plot of the shell thickness at the machined corrosion for IIIA

corresponding to the loading stage where the critical damage limit D,
calculated using (6.4), is first exceeded.
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7 Summary, Conclusions and Recommendations

7.1  Summary

Recent developments in predicting brittle and ductile fracture of solids are
reviewed in Chapter 2. Various approaches have been proposed to model ductile fracture
based on the observed physical process. Parameters such as the critical damage state in a
continuum damage mechanics model, the critical void volume fraction, the critical void
growth rate, the absorbed energy till fracture or other parameters that are integrated over
the plastic strain, are utilized in predicting fracture. However among those models
reviewed, there is no simple constitutive model that takes into account the material
dilation due to void growth. Furthermore, most of these constitutive models have not
been extensively verified with test data.

A constitutive model is thus developed to predict the ductile fracture of steel for
monotonic quasi-static loading. It is modified from the continuum damage model
proposed by Lemaitre (1984, 1985), but unlike the model by Lemaitre, the new model
incorporates material dilation due to void growth and the damage limit is assumed to vary
inversely to the square of the hydrostatic tension stress. In the proposed model, damage
is assumed to be isotropic and is a function of the state of stress and the plastic strain
increment. Material dilation is assumed to vary with the state of damage. Fracture is
assumed to occur when the damage limit is reached. In order to carry out the numerical
analysis, the material model is implemented as a user-defined material subroutine in the
commercial finite element program ABAQUS. Due to the considerable shape change
that occurs before fracture, numerical analyses are performed using the updated
Lagrangian formulation.

Round tension coupon tests were carried out to acquire experimental data for
studying and validating the proposed material model. Sixteen coupons with three heat
treatments, two diameters, various transition radii and gage lengths were used in order to
obtain test data from specimens with different ductility and various levels of hydrostatic
tension stress. All specimens were monotonically loaded with the exception of two
specimens, which were unloaded and reloaded intermittently during the test. The test
was carried out with regular stoppages for measuring the static readings. These test data
are able to provide a good basis for studying the proposed constitutive model. The
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ductility of the specimen decreases as the gage length or the transition radius or both are

reduced.

After reviewing the test results, the load versus the cross-section dimension curve
for a 50 mm gage length specimen is used in calibrating most of the properties and
parameters because of its insensitivity to the geometric variation. Data from short gage
length specimens are used in calibrating the parameter n, the exponent that governs the

damage rate in (3.12), and data from all monotonically loaded specimens are used in

calibrating the parameter D,, the material constant for calculating the critical damage
limit in (3.22). The damage initiation equivalent plastic strain e‘e’qc is assumed to be zero

in all the numerical simulations based on the results of the intermittent unloading and
reloading tests, which indicate that damage has started fairly early.

Comparisons are made between analytical and measured results. A complete
fracture of the coupon is assumed to occur once the damage limit is reached. An
axisymmetric element is used in modeling the round coupon. Properties and parameters
(except n and D,) used in the numerical analyses for specimens in the same heat are
calibrated from test results of just a single specimen. Comparisons are also made against
results from models by Matic et al. (1987) and Lemaitre (1984, 1985).

To illustrate the application of the material model, numerical simulations are
carried out for two practical cases: predicting the capacity and the failure of a slotted
tubular steel structural connection and a corroded pipe. Existing test data for slotted
tubular tension members are used in comparison. However, due to the significantly
greater computing effort required in carrying out the numerical analysis using a solid
element, slotted tubular tension members and machined corroded pipes are instead
modeled with a shell element. However, a shell element cannot accurately represent
regions where plates or shells intersect because it only considers in-plane normal stresses.
Thus, a modified critical damage limit equation is used at the slotted end of the tubular

tension member to account for this deficiency.
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7.2 Conclusions

A constitutive material model is developed for the ductile fracture of steel based
on the continuum damage model considering material dilation and hydrostatic tension
stress during fracture. A number of significant conclusions have been drawn based on
the experimental and numerical results:

1) Overall, the material model gives a good prediction of the load-deformation
behaviour of the tension coupon specimens and the instant when fracture occurs.
The predicted deformed shape also matches the actual shape at a similar stage of
loading. Since the model does not attempt to capture the coalescence process, the
numerical solution tends to under predict the ductility of a long gage length
specimen at fracture and over predict the one for a short gage length specimen.
However, the constitutive model is capable of capturing the overall trend of the
ductility reduction associated with a higher hydrostatic tension stress as in the case
of a shorter gage length or a smaller transition radius.

2)  Test results show that the ductility and the load-deformation response of the tension
coupon specimen are sensitive to variations in the geometry, especially if the gage
length is short. Thus, an accurate measurement of the dimension of a short gage
length specimen is required in order to predict the load-deformation response of the
specimen properly.

3)  Unlike the load-longitudinal deformation response, the study shows that the load
versus the cross-section dimension relationship is insensitive to the geometric
imperfection when the gage length is long. As a result, the load versus the
cross-section dimension relationship should be measured in a tension coupon test in
addition to the normal load-longitudinal deformation measurement. Properties and
parameters used in the numerical analyses should be calibrated from a tension

coupon with a sufficiently long gage length.
4) Properties and parameters (except n and D,) used in the numerical analyses for

specimens in the same heat can be calibrated from test results of just a single
specimen. This implies that properties and parameters required for the numerical

analyses can be obtained from a single standard ASTM tension material test with

the exception of n and D,. The value of n can be estimated using the graph in
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Figure 5.68 using the cross-section area at fracture, and D, may be calibrated using

the measured diameter (d¢) at fracture. However, to be conservative, 105% or 110%

of df may be considered as the fracture diameter since the material model tends to
under predict the ductility of a long gage length tension coupon.

5) The difference between the direct measurement using a caliper and the value
calculated from the photograph is found to be small. The result of this comparison
indicates that digital photographs can serve as an adequate backup for some of the
direct measurements.

6) The proposed model is able to predict the deformation and the instant fracture
occurs better than models by Matic et al. (1987) and Lemaitre (1984, 1985).

7) From intermittent unloading and reloading tests, the apparent modulus of elasticity
is found to start dropping at a very small strain. This finding indirectly agrees with
the observation by Le Roy et al. (1981), and Cox and Low (1974) which indicated
that void nucleation starts at a low strain. However, the numerical analysis is not
able to accurately predict the drop in the apparent modulus of elasticity. The drop
in the measured apparent elastic modulus is much faster than the predicted one.
One reason may be the fact that the proposed model assumes the effective elastic
modulus does not change with deformation, and any change in the apparent elastic
modulus is caused by the nucleation and expansion of voids. But in actual fact, the
effective elastic modulus may have decreased with deformation. The model may
also under predict the damage in the specimen.

8) A specimen that has undergone a frequent unloading and reloading process has a
higher peak stress and a lower ductility than a monotonically loaded specimen,
although the difference is not big.

9) In the numerical simulations of slotted tubular tension members tests, the proposed
model is able to give a good prediction of the load-deformation response, the
location and the instant of fracture. However, with a shell element, the numerical
analyses over predict the pipe wall thickness reduction rate. This is due to the fact
that a shell element is unable to capture the stiffening effect in the necking process.
As the pipe wall starts to neck, the increased hydrostatic tension stress that develops
stiffens that part of pipe wall, therefore delaying the necking process.
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73 Recommendations

1) The study has demonstrated that the proposed model works well for a monotonic
type loading condition. However, this loading condition does not cover all
applications where fracture is important. In order to predict fracture of steel
structures under cyclic loading, kinematic hardening needs to be incorporated into
the proposed model. In addition, more. work is required to expand and study the
model for other loading conditions such as fatigue loading.

2) Even though the test program provides sufficient data for studying the proposed
model, more results from materials with a more diverse inherent ductility would be
desirable. Additional test results would enable the proposed model to be studied
over a greater range of ductility, and also furnish more data points for the graph in
Figure 5.68. The graph in Figure 5.68 is used as a guide in the determination of the
parameter n from a standard ASTM tension coupon test.

3) A shell element is used in the numerical simulation of slotted tubular tension
members and machined corroded pipes tests due to limits on the size of the finite
element problem that could be handled with the available computing facilities.
Although good results are obtained using the shell element, it lacks the ability to
capture the stiffening effect in the necking process. In the future, as faster
computers become more affordable, analyses of this nature may be carried out with
a 3D solid element to better represent the actual behaviour.

4) In the thesis, analyses were carried out without considering the propagation of
cracks. The omission of crack propagation is not particularly important in a tension
coupon test because the occurrence of local fracture is closely followed by the
complete fracture of the specimen. But in other applications unlike a tension
coupon, the occurrence of a first crack is not necessarily closely associated with an
abrupt drop in the load carrying capacity or the loss of structural integrity, as in the
case of the machined corroded pipe test. Thus, improving the current modeling or
solution scheme to allow for the propagation of cracks would give a better
prediction of the structural behaviour.
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Appendix A - Mesh Study

The mesh study is carried out by simulating AS1g50rS numerically using
parameters calibrated in Chapter 5. Preliminary numerical analyses show that all
specimens neck and fail at the mid-length of the specimen, and fracture is initiated from
the centre of the cross-section. Thus, the finite element mesh at the mid-length is refined
in order to give a more accurate modeling. Figures A.1 and A.2 show the two refined
finite element mesh schemes used in the mesh study. The size of the element at the
refined region for scheme-2 is half that of scheme-1. Scheme-2 is the one used in
Chapter S. Stresses, strains and the state of damage at the critical location (the
mid-length along the axis) of AS1g50r5 are projected from values at the integration
points. Figures A.3 and A.4 show that the stress versus radial deformation and the

damage versus radial deformation curves for both schemes are almost identical. Thus, no

further refinement to scheme-2 is required.
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Figure A.l  Finite element mesh scheme-1 at the mid-length of AS1g50r5.
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Figure A2  Finite element mesh scheme-2 at the mid-length of AS1g50r5.
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Figure A.3  Analytical stress versus change in diameter D4 for AS1g50r5 with
different mesh schemes.
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Figure A4  Analytical damage state versus change in diameter D4 for different
mesh schemes at the mid-length along the axis of AS1g50r5.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



165
Appendix B - Measured Stress versus Extensometer Strain Curves
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Figure B.1 = Measured stress versus extensometer strain for monotonically loaded
g50r5 specimens.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



