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Introduction

The so called Winfrith concrete model in LS-DYNA fWI084 and MATO085) provides:

» A basic plasticity model that includes the thirdess invariant for consistently treating
both triaxial compression and triaxial extensiag, &ohr-Coulomb like behavior,

» Uses radial return which omits material dilationddhus violates Drucker’s Postulate for
a stable material,

* Includes strain softening in tension with an atterpregularization via crack opening
width or fracture energy,

» Optional strain rate effectsIAT084 includes rate effects amdAT085 does not,

» Concrete tensile cracking with up to three orth@arack planes per element; crack
viewing is also possible via an auxiliary post-mesing file,

* Optional inclusion of so called ‘smeared reinforesy

This introductory document describes the basictipias model, the strain rate formulations and
tensile cracking options. THMAT_WINFRITH_CONCRETE model is another of the so called
LS-DYNA ‘simple input’ concrete models, that inckidthe *MAT_PSEUDO_TENSOR
(MATO016), *MAT_CONCRETE_DAMAGE_REL3(MAT072R3) and*MAT_CSCM_CONCRETE
(MAT159). The Winfrith model requires the user feesify the unconfined compression and
tensile strength.

A note on sign convention: in geomechanics compess usually considered as positive, since

most stress states of interest are compressive etmwthe Winfrith model uses the standard
engineering mechanics convention of compressioregative.

Ottosen Plasticity Model

The plasticity portion of the Winfrith concrete neds based upon the shear failure surface
proposed by Ottosen (1977)

J J,
F(Il,Jz,cosIB):a(fC'Z)ZHI\/E+bf—i—. (1)

The above is referred to as a four parameter madel:constantsa andb which control the
meridional shape of the shear failure surface, arxd)l(cos:i?) ranging —1< cos® <+ : for

triaxial compression to triaxial extension contitté shape of the shear failure surface onsthe
plane. In addition to an explicit dependence onutheonfined compressive strengtfy,, as will

! The notation in the present document attemptsltovi the notation of Ottosen.
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be demonstrated, the constargsandb also depend on the ratio of the unconfirtedsile
strength, f,’, to the unconfined compressive strength.
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Figure 1 lllustration of Ottosen shear failure aggs for a 6 ksi unconfined compression strength
concrete.

One oddity of the Ottosen shear failure surfageissboth a functionJ, and\/J_2 unlike almost

all other geomaterial shear failure surfaces whdoh only functions of/J, .Here J, is the
second invariant of the deviatoric stress. This esaglotting the traditional view of the shear
failure surface in(ll ,,/JZ) space, or alternatively (mean stress, stressrdifte), a bit

different. However, noting Equation (1) is quadrath the ratio \/J_zl f allows for the
alternative form of

JJ, _ -B+VB?-4AC

f¢ 2A
A=a
(2
B=A
— I1_
C_bf_c' 1
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Thus once the parametess b, andd are determined the independent parametecan be
varied to generate the triaxial compression andreston surfaces. Herg is the first invariant
of the stress tensor. Figure 1 shows the triaxmhmession(al>02=a3) and triaxial

extension(o, = g, >0,) surfaces for af, =6 ksi (41 MPa) concrete.

Stress Invariants

To be consistent with the source coding of the Vifimfimodel, first the invariants of the stress
tensor are calculated and then using identitiesrég@ired invariants of the deviatoric stress
tensor are computed.

The stress tensar, , is assumed to be symmetric with six components:

O3 0O, 0Oy
0=0;=\0, 0, O,y 3)
O3 Oy Oz

All third order tensors have three scalar invasg@igenvalues), for the stress tensor these are
|, =0 =011 0,104
;=050 -6 )
= 011027 0,0 3370 39 11 0'212_ 0'2237 0'231 (4)
|, =DET(g;)
= 01,0055+ 20,0, 370 550°G 70°G

In constitutive modeling it is often convenientdeparate the mean stress (pressure) from the
shear response. This is accomplished by introdutiegleviatoric stress tensgy

S =7; _% (5)

Whereog,, =1, =3P and P is usually referred to as the mean stress; ithale components of
the mean stress are equal then it is referred tioeggressure.

The invariants of the deviatoric stress tensorrealaed to the stress invariants via the following
identities:

2 See for example http://en.wikipedia.org/wiki/Sgegnechanics)
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J =3« = §it $+ $=0

3,=055 $=3 f- ©)
J3:DET($,):2£7 —%ll|2+ l,

Often in the continuum mechanics literature thetioh J, andJ;, are used with the superscript

prime reinforcing the deviatoric stress aspect l# tnvariants. The third deviatoric stress
invariant is rarely used directly, rather a geomefiterpretation as an angle in tieplane with

limits 0< e<’_31 is defined by

_3/3 3,

The angled is often referred to as the Lode Angle.

Meridional Shape Parameters

To complete the definition of the shear failureface given by Equation (1), this section next
explains the definition of the meridional shapeapagtersa andb. As a bit of background these
shape parameters can be thought of as best fitiemghear failure surface of laboratory data.
The Ottosen model emphasizes simultaneous besb fibsir types of laboratory data:

1. Unconfined compression strengtj, (9: 60 and cos@=- )

2. Uniaxial tensile strengtH, (6=0" and cos8=+ )]

3. Biaxial compressive streng(lzlr1 =0,0, =0, = constantf :}. In particular, the constant
stresses are set tel.16f, corresponding to laboratory tests of Kupfer e{E69,1973).

4. A triaxial compression state of stre(s@z 60°) which gives the best fit to the data of
Balmer (1949) and Richart et al. (1928). The sjpegibint selected has nondimensional
coordinates(ll/\/§fc' 2, /fc')z(—S 4.

The first three laboratory data points are fit élyaand the fourth point is used with a least
squares algorithm to obtain a best fit.

In the Winfrith implementation of the Ottosen shésdlture surface, the user is not allowed to
determine the parameteasandb, but rather the parameters are internally gengttadsed upon
an undocumented data fit, and as mentioned abdweerdtio of the unconfined tensile to
compressive strengths.
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The Winfrith model introduces the following threenuimensional constarits

a=1.16
£ =0.5907445 (8)
y=-0.612372¢

These constants are used to evaluate the meridibapk parametessandb:

V_V_a
1+Ra -2 ¥ -2
o |
o’ -3a-Ra’ ©)
3 3
a=pb+y

WhereR= '/ f/ <1 is the ratio of the unconfined tensile to compresstrengths.

Octahedral Shape Parameters

The remaining two parameters for this four parametedel are used to define the shape of
shear failure surface in the octahedmatlane), and these are denoteckaandk, in Ottosen’s

notation. Before defining these two parameters, Whefrith model introduces two additional
constants defined in terms of the above constarmtsdb:

c :ﬁ(l— bR- R@j
R 3

(10)

d= 3+P-a

V3
Then therr-plane shape factors are defined as
a1 2d
k, =cog 3tan'| —=-—"—F=
© (x/f_i c\/?%ﬂ

c (11)

e
cos :1), coél(kz)}

Equations (9) and (11) define the four parametetleoOttosen shear failure surface.

% These are labeled ‘low pressure,’ an alternatétefar ‘high pressure’ is also provided in the smucode but not
used.
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The function A =A(cos®) is now defined in terms of the Lode Angle and tmstants
k, andk, as

_l k
klcos{COS ( ;COS@)} for cos8= 0
A= (12)

st (—k 8
klco{g—cos ( SZCOS )} for cos8<

Plotting the shear failure surface in the octahegaleme, or77-plane or deviatoric plane, requires
a bit more manipulation. In the previous sectioa theridional shapes of the shear failure
surface were plotted by selecting fixed valueshef angled, often referred to as tr@milarity
angle 0< @< /3, in particular@ =0 to generate the triaxial extension surface &mdrr/ 3 to
generate the triaxial compression surface. Notéitiadal surfaces could be drawn for all values
of the similarity angled.

Octahedral planes are defined by constant valués, @r equivalently the mean stress. For such
a constantl, value, the Ottosen shear failure surface, i.e.akgn (1), is only a function of the
\/J_Z and cos8. These two parameters can conveniently be thooighs a radius and angle,
respectively, in a polar type plot on a octahegtahe. The procedure is to select a value of the
similarity angle & and solve the for corresponding value\qg2 from Equation (1) for the
prescribed value of, i.e. a particular octahedral plane. Then the &#h equivalent of polar
coordinates are defined as

X=rcosa
y=rsing

r=,23,

O<a<ar

(13)

The anglea varies continuously to generate the polar plotiagnelated to the similarity angle
via

_sin™(sina)
3 (14)
_ Tl
6=p+7

Here S is typically referred to as the Lode Angle andesbetween-77/6< < 77/6.
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Figure 2 shows an illustration of the octahedrahpl shape of the Ottosen shear failure surface.
The valuel, = -6 ksi (41 MPa) corresponds to a mean stress ofi-2:k§’: I1/3) which is the
constant mean stress plane that passes throughteéngection of the shear failure surface at the
unconfined compression stress trajectory, $8=—- P=3 si&kf . Note: since the radius used
in the octahedral plane is=,/2J, that radius needs to be scaled h@/\/izl.zzm to

determine the corresponding stress difference vialudriaxial loading sinceSD=,/3J, . For

example, the maximum triaxial compression valudatbottom of Figure 2 is 4898.98 x 1.2247
= 6000 psi =f, .

Figure 2 lllustration of the octahedral plane fd lesi (41 MPa) unconfined compression strength
concrete.

Pressure versus Volume Strain
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The Winfrith concrete model is a so called ‘flaptanodel in that in the meridional plane, i.e.
(I1 \/J_z) the pressure versus volume strain relation camepeesented by a straight line

normal to the mean stress axis. While the user emigr up to eight paitof natural volume
strains and corresponding pressures, it is likedgre will take advantage of the predefined
pressure versus volume strain input option.

The first pair of points in the internally generhigressure versus volume strain is the strain and
pressure that occur at the unconfined compressiength, f.. The mean stress is at this point
is P,=f./3 and the volume strain is approximated &8 =P,/ K where the elastic bulk
modulus is defined using the user input elastic whegl and Poisson’s ratio, viz.
K= E/(3(1— 2/)) . Table 1 provides the ten pressure versus volurae oints generated by
the Winfrith model.

Table 1 Winfrith concrete model generated presgersus volume strain response.

Natural Volume Strain Pressure (factor multiplieR,)
-P./K 1.00
-0.002 1.50
-0.004 3.00
-0.010 4.80
-0.020 6.00
-0.030 7.50
-0.041 9.45
-0.051 11.55
-0.062 14.25
-0.094 25.05

Strain Rate Enhancement

A description of the Winfrith concrete model strastte enhancement is provided by Broadhouse
and Attwood (1993). This paper in turn cites a 19HB Bulletin; the current CEB strain rate
enhancement recommendation is provided in CEB (19BBe description presented in this
section follows the present coding in the LS-DYNAn¥kith concrete model subroutine.

The strain rate enhancements are based upon tieenetal strain rates

. _AQg]
&= (15)

“ Note: the origin point (0,0) may be omitted frome input as this point is treated internally in Wi@frith model.
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Where Ag]' is the current strain increment obtained from isgthe equation of motion anfit

is the current time stem . These incremental strain rates are used to tbemincremental
effective strain rate

&, :gkk =& Tyt
~£4Q 13 (16)

Jg? R W E v T

If the incremental effective strain rate is lesartt80/second then ‘low’ strain rate factors are
calculated, else if the incremental effective straite is greater than 30/second then ‘high’ strain
rate factors are calculated. Note: most strain irmfgementations use the plastic portion of the
incremental strain and not the total strain incnehte minimize noise in the calculation.

For both the low and high strain rates, three strate enhancement factors are calculated:
tensile E; , compressiveE. , and Young's modulu&; :

. \1.01& _\1.026
] o]

C (17)
S/ E=yd® e30/s
Where
_ 1
0= 10+ 0.5,
_ 1
T=5v0.75
log,,/7 =6.93P - 0.49; (18)

log,, ¥y =6.15@r — 0.49,
&, =30x10° /s
&c =3x10° /s

Here f_, is the concrete cube strength in MPa. Note: cdéaarabes rather than cylinders are
typically used to determine the unconfined compvesstrength in Europe. If, is the cylinder
unconfined compressive strength, thép =1.25f. is approximately the corresponding cube

strength. In the LS-DYNA implementation the usgouhuniaxial compressive strength is used
as f,
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The Young’s modulus rate enhancement is calculasedn average of tensile and compressive

rate enhancements,
_\0.016 4 0.026
e e
Cor Sc

If any of the above rate enhancement factors a®tlean one, they are set equal to one, i.e. no
rate enhancement.

The following material properties are then rateaded

Table 2 Material properties that are strain ratea@aed.

Material Property | Rate Enhancement Factor
Young's modulus Ec
Shear modulus Ec
Bulk modulus Ec
f E.
f; E,

Strain Rate Options

The LS-DYNA implementation of the Winfrith concreteodel offers two strain rate options,
either to include or omit strain rate effects, stdd via the user input parameBATE. NOTE:
rather oddlyRATE=0turnson strain rate effects arRIATE=1turnsoff strain rate effects.

A further consequence of tlATE parameter is the definition of the user input peeter for
tensile crackingFE. When strain rates are turned on, eR@TE=0 or *MAT084, the input
parametelFE is taken to be the specific fracture energy, emergy per unit area dissipated in
opening a crack. When strain rates are turneceadf RATE=1 or *MAT085, the input parameter
FE is taken to be the crack width at which the norrtmathe crack, tensile stress goes to zero.

Users may be familiar with the fracture energypagged with Griffith’s fracture criterion; the
units of the specific fracture energy, denoted limrés. , are force/length or energy per area.

Much less familiar is the other input possibilitiytbe crack width at zero tensile force. It is this
Winfrith concrete model input parameter that isshbject of this section.

Note: several respected analysts have reportedrratid results when using the Winfrith model

with strain rate effects, i.&RATE=0, even in quasi-static simulations. The use isicaat that
use of the strain rate option may produce unredianld inaccurate results.
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Crack Width

As a planar tensile crack propagates through aungdihe split medium opens and a gap is
formed by the progressing crack. The size of tlaig gan be characterized by the crack width
which is sometimes termed the crack opening disgptent (COD) or the associated crack
opening angle (COA) which is related to the CODthiacrack length, see Figure 3.

In a brittle material, as the crack opening disphaent increases the crack length increases and
the work done in propagating the crack is usedeate the new crack surface, thus the concept
of energy per area as expresseddpy.

COD

20

COD
tand =——
2L

Figure 3 lllustration of crack opening displacemamd angle.

The crack width formulation used in the WinfrithMAT085) concrete model is based on the
work of Wittmann, et al. (1988). Wittmann measutieel specific fracture energy, crack opening
displacement and maximum load for a large numbecmete samples with varying aggregate
size, compressive strengths, loading rates, wateeinent ratios, and test specimen sizes. The
aggregate sizes and unconfined compressive steagtHisted here in Table 3, transcribed from
Table 2 in Wittmann.

Table 3 Aggregate size and unconfined strengthefted concretes.

Aggregate Diameter (mr Unconfined Compressive Strength (MPa)
8 40.6 39.0 30.2
16 42.9 37.7 24.4
32 42.2 39.2 28.7

8th European LS-DYNA Users Conference, Strasbourg - May 2011



The results of Wittmann’s measurements are foregugedisplacement variations, as idealized in
the left most image in Figure 4. The area undes thirve is the work done on the specimen.
Using a technique based on fiitious crack modethe force-displacement data is transformed
into stress versus displacement, as idealizedamigint most image in Figure 4. The area under
this stress-displacement curve is the specifiddiracenergyG; .

The maximum tensile stress in the stress-displageeve is the unconfined tensile strength
f,, since until the stress reaches that value theermicrack propagation. Wittmann uses the
unconfined tensile strengthand specific fracture energy to develop a nondsiteral
(normalized) version of the stress versus displacgmurve, referred to as the strain softening
response, as shown in Figure 5. In this versiah@frack softening response, the ordinate break
point is selected as 25% df and the parameter is given by

Force

Crack Opening Displacement

Stress

Crack Width

® One of the limitations of the Wittmann data is teasile strengths were not measured, but rathienated. The
estimation method was not described by Wittmarad.et
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Figure 4 Measured force versus displacement @eit) corresponding converted stress versus
displacement.

1.0

0.25

G C

Figure 5 Nondimensional version of the crack stegiftening response.

wherew is the crack width.

The area under the normalized strain softeningecamust be unity, which leads to the relation

A, =1= o.a[w%zj

for ¢, andc,, this is Equation (1) in Wittmann et al. The ladtory data collected by Wittmann

et al. is summarized in five normalized strain agifig curves in their Figure 14. The five strain
softening curves represent variations in: specisiea (ligament length), displacement rate, and
the three maximum aggregate sizes of 8, 16, amdr32

Cracking Form with Strain Rates (RATE=0)

Since the two ordinate values of the normalizedirstsoftening curve are always the same, i.e.
unity and 0.25, only the two abscissa values chafogeall of the measured responses.
Broadhouse and Attwood (1993) took advantage sfftim of the Wittmann et al. data to form
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an average strain softening response, by averdgmgalues ofc, and C, as shown here in
Figure 6. NOTE: Figure 3b in Broadhouse and Attw¢b@93) shows the value @, as 5.16,
but the average of the Wittmann data is 5.14 awsheere in Figure 6.

1.0

0.25

0.71 514 C

Figure 6 Broadhouse & Attwood average strain saitgnesponse.

The average strain softening response, shown ior&i@, is implemented in the Winfrith
concrete model inLS-DYNA as *MATO084, i.e. with strain rate effectRATE=0 and FE is the

fracture energy. When the user specifies the spdcécture energyG. the two crack widths
are determined via

Where ¢ =0.71 or5.14 The current crack width is determined using tieirs normal to the
crack surface and a measure of the element size,

w=¢L

where L is the cube root of the element volume. As thelckidth increases, the tensile stress
normal to the crack surface is scaled as per Figure

NOTE: The user specified aggregate size is useetermine the shear stress capacity across the
cracking surface (friction), and does not affeet strain softening directly.
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Cracking Form without Strain Rates (RATE=1)

The no strain rate form of the Winfrith concretedab(*MATO085), selected VilRATE=1, uses
the crack width at which the tensile normal stras®ss the crack is zero, as the user input for
the parametefE.

For this form of tensile cracking, the strain soiitg) response is simplified to a straight line, as
illustrated in Figure 7. The area under this cusvstill the specific fracture energy. Thus if the
user knows the specific fracture ener@y they can easily compute the crack width at zero

stress via

2G,

t

.I: I

Gr

Crack Width W

Figure 7 Linear strain softening response for e tTMATO085.

CEB Recommendations

The CEB (1993) provides tables of specific fractemergies for several unconfined compressive
strength concretes with differing maximum aggregsiees; also provided are mean tensile
strengths for the same range of concrete compesiengths. For a 60 MPa unconfined
compressive strength concrete, the unconfined leessiength is 4.6 MPa and the following
crack widths, i.ew, w andw,, given here in Table 4, are computed for the gaggregate size

and specific fracture energy.
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NOTE: the crack widths for the linear strain softgnresponse, i.ew for *MAT085, lie between
the corresponding bilinear crack width values, we.and w, for *MAT084.

Table 4 Crack widths for a 60 MPa unconfined corsgire strength concrete.

Max Aggregate Diameter (mm) Ge (N/m) w (mm) W, (mm) w, (mm)
8 95 0.041 0.015 0.107
16 115 0.050 0.018 0.129
32 145 0.063 0.022 0.163

Simple Loading Cases — Verification

In this section a few simple loading cases are lsitad and the results compared with expected
results: either as specified via input quantitiesdetermined from the analytical form of the
Winfrith concrete material model.

The input for the Winfrith material model, usingethunit system of grams-millimeters-
milliseconds (CONM=-3), is

$ MPa - nm - msec
* MAT_W NFRI TH_CONCRETE

$# md ro tm pr ucs uts fe asi ze
85 1.60e-3 33536.79 0.18 41. 36 2. 068 0. 127 9.779
$# e ys eh uel ong rate conm conl cont
1.0 -3.0 0. 000 0. 000
$# epsl eps2 eps3 eps4 epss eps6 eps7 eps8
0. 000 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000
$# pl p2 p3 p4 p5 p6 p7 p8
0. 000 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000

This is a 41 MPa (6 ksi) unconfined compressioangth concrete with a strength ratio of 0.05
(: f'l fc'), an approximate density of 2400 kg/ril50 pcf), containing aggregate of 9.7 mm

(0.385 inch) diameter, and specified to have akcvadth dimension of 0.127 mm (0.005 inch)
when no tensile force exists (controls the tersiigening response). Unless otherwise noted, the
strain rate effectsRATE=1) are turned off.

Hydrostatic Compression Test

As described in the previously, the Winfrith corterenodel provides the user with a default
pressure versus natural volume strain definitiorsifgle solid hexahedra element, a unit cube,
was used to verify the Winfrith default pressuresus volume strain response by prescribing
uniform displacements on all side of the unit calpel plotting the resulting pressure versus
natural volume strain, as shown in Figure 8. THeldime represents the continuous results from
the LS-DYNA unit cube simulation and the filled sges are the Winfrith default pressure
versus volume strain data from Table 1 for an ufined compressive strength of 41 MPa and
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bulk modulus of 17.5 GPa. As can be seen in Figurthe LS-DYNA results reproduce the
Winfrith default pressure versus volume strain data

350
300

N N
o O
o O

150

Presure (MPa)

=
a o
o O O

- B 41 MPa

—LS-DYNA

0 0.02 0.04 0.06 0.08 0.1
Volume Strain

Figure 8 Verification of pressure versus volumaistfor an f, =41 MPa concrete.

While such unit cube sample problems are easy mstaact, it is recommended that more
complex specimen geometries also be exercisedaittcplar, geometries with non-uniform
mesh discretization to allow for the possibilityroésh sensitivities such as occur in softening or
cracking response. Such a non-uniformly meshed kghular cylinder is shown in Figure 9.
The cylinder has a diameter and height of 400 méters. Only half the cylinder is shown to
indicating the 10 elements selected for samplirgviirious required stress and strain quantities.

Figure 10 shows that the LS-DYNA cylinder averagedssure versus natural volume strain
results also reproduce the Winfrith default pressuarsus volume strain data, as expected.
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Figure 9 Non-uniformly meshed right circular cylerd
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Figure 10 Verification of pressure versus volunmeaistfor an f, =41 MPa concrete using the non-
uniformly meshed cylinder.
Unconfined Compression Test

An unconfined compression test (UCT), see Figurecbhsists of a prescribed axial load on an
otherwise unconstrained specimen. The laboratorgiase of this test is used to determine the

unconfined compression strengt}.
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Figure 11 Schematic of an unconfined compressistn te

Single Hexahedra

A single solid hexahedra element, a unit cube, wsed to verify the prescribed unconfined
compressive strength of 41.2 MPa. The boundary itond consist of prescribed axial
displacement on the top of the unit cube with #terhl surfaces traction free; the bottom surface
is constrained against only axial motion.

Since this simulation is in a state of uniaxiaéss, the axial strain at failure is given by

The top surface was prescribed to move -0.002 minsatns (low strain rate of 1.3/second) and
then remain constant, see Figure 12. For the wifie specimen, this maximum displacement
corresponds to an engineering axial strain of B.00hich exceeds the failure strain. By

exceeding the failure strain, via prescribed disghaent, an assessment of possible strain
softening in compression can be made.

Figure 13 shows the resulting axial stress versaal atrain for the unit cube unconfined
compression test simulation; the geomechanics @grention of compression positive is used
in this figure. As expected, the unit cube doesheamaximum stress of 41.2 MPa at a strain of
0.00122. After this failure point the axial streemains constant and the axial strain continues to
increase to the prescribed 0.002 value. There isndaation of strain softening in this
simulation.

8th European LS-DYNA Users Conference, Strasbourg - May 2011



Time (msec)
O ] ] ]

-0.0005

-0.001

-0.0015

-0.002

Axial Displacement (mm)

-0.0025

Figure 12 Prescribed axial displacement for tofeserin unconfined compression simulation.
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Figure 13 Axial stress versus axial strain for woibe UCT simulation.

Figure 14 shows the axial and lateral strain hissofrom the unit cube unconfined compression
test simulation. In this figure there is a change¢hie slope of the lateral strain at about 0.9 ms
which corresponds to the time when the axial failstrain of 0.00122 is attained. At this point
two orthogonal crack planes are introduced by thefith concrete model, as shown in Figure
15. These orthogonal crack planes are orientedlg@lata the compression direction. Although
the axial strain ceases to increase after 1.5 siqrescribed, the lateral strains continue to
increase as the lateral momentum imparted to tliesjovia the Poisson effect, continues to
move these nodes at a constant lateral velocitgesihe element has no stress in the lateral
direction; recall the element was traction fredlonlateral surface, e.g. zero lateral stress.
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Figure 14 Axial and lateral strain histories foitwwube simulation of an unconfined compressioh tes
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Simulation of 41 MPa Concrete UCT
Time = 0.9
Number of elements cracked=1

b

Figure 15 Two orthogonal crack planes introducetthéunit cube when the unconfined compressive
strength is reached.

Non-uniformly Meshed Cylinder

The same unconfined compression test simulatiperrmed using the non-uniformly meshed
right circular cylinder. Again the boundary condits are prescribed displacement of the top
surface and traction free lateral surfaces. Thesiaace displacement is prescribed to move
0.488 mm in 15 ms, for an engineering axial stdi®.00122, since the cylinder is 400 mm in
length. After this compressive failure strain iacked, the top surface continues to a prescribed
displacement of 0.8 mm at 20 ms, and then the atisphent is held constant. This is a lower
strain rate of 0.1/second than used in the unieddB/second) since that faster strain rate does
not approximate quasi-static response in the cglinde. wave propagation effects will be
present.

Figure 16 shows a comparison of the axial stressugeaxial strain from the unit cube and the
non-uniformly meshed cylinder. As expected, theabgiress strain response for the unit cube
and cylinder are nearly identical. For the cylinder average of the axial stress and strain from
the 10 selected (refer back to Figure 9) elemerds wused in constructing the stress-strain
response. The amount lateral strainvariability in the 10 elements selected from thinclrical
sample is shown in Figure 17.
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Figure 17 lllustration of variability in the latérstrains for the 10 selected elements of the nafermly
meshed cylinder.

Figure 18 compares the unit cube and averaged amdllateral strain histories obtained from
the non-uniformly mesh cylinder; again the geomadatsa sign convention of compression
positive has been used. Note: the lateral stranghe cylinder were obtained by requesting the
maximum principal strains from the post-procesddre slight difference in slope during the
elastic portion of the simulation is due to the tviferent strain rates. Of interest is the differe
response for the lateral strains from the cylinddrese strains remain constant while the top
surface displacement is constant. This is in cehtta the unit cube, which due to complete
failure, continues to strain in the lateral direntdue to the imparted lateral momentum.
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-0.0005
-0.001
-0.0015

Unit Axial
= = = Cylinder Axial
Unit Lateral

= = = Cyvlinder Lateral
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Time (Ms)
Figure 18 Averaged axial and lateral strain histofrom unit cube and non-uniformly meshed cylinder

The cracking of the non-uniformly meshed cylindeshown in Figure 19. This figure indicates
that not all the elements of the cylinder are cealgland in particular the cracks do not extend the
full height of the cylinder in some axial columnisebements. Since some elements are not fully
cracked, the cylinder can resist lateral motiore thuPoisson induced inertial effects, and hence
the average lateral strains, shown previously gufé 18, remain constant when the loading does
not increase.
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Figure 19 Winfrith crack pattern for non-uniformmyeshed cylinder without (left) and with (right)
element mesh overlay.
Uniaxial Tension Test
The uniaxial tension test (UTT), see Figure 20,stsis of a prescribed axial load on an

otherwise unconstrained specimen. The laboratorgiae of this test is used to determine the
unconfined compression strengtf.
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Figure 20 Schematic of an uniaxial tension test.

Single Hexahedra

A single solid hexahedra element, a unit cube, ugzsl to verify the prescribed uniaxial tensile
strength of 2.068 MPa. The boundary conditions isbra$ prescribed axial displacements on the
top of the unit cube with the lateral surfacesttoacfree.

Since this simulation is in a state of uniaxiaéss, the axial strain at failure is given by

Although this is the strain at which failureiistiated, the failure is not complete until the crack
width has attained the prescribed width at whiah dtress goes to zero, i.e. the Winfrith input
parameter FE=0.127 mm.

The top surface was prescribed to move 0.15 mn® ah4 (low strain rate of 15/second), then
remain constant until 20 ms, returning to zero @in®, and then into compression with -0.15
mm displacement at 40 ms, see Figure 21. For titecube specimen, this maximum tensile
displacement corresponds to an engineering axaihssf 0.15, which exceeds the tensile failure
initiation strain and the corresponding crack wigdtrain) at failure of 0.127 mm. By exceeding
the failure initiation and crack width strains, \peescribed displacement, an assessment of the
strain softening in tension can be made.
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Also, reversing the tensile strain and ‘healing ttrack allows an assessment of the cracked
element’s ability to carry subsequent compression.
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Figure 21 Prescribed axial displacement for tojfeserin uniaxial tension/compression simulation.
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Figure 22 Axial stress versus axial strain for wnibe UTT simulation.

Figure 22 shows the axial stress versus axialrsfraim the tensile portion of the unit cube
uniaxial tensile/compression simulation. As expgcthe maximum stress of 2.068 MPa was

reached at an axial strain bf66x 10°; Figure 22 depicts the maximum stress of 1.97 lPa

strain of 5.98x 10° as those were the values with the coarse sampditegof 0.4 ms. The
maximum stress then decreases linearly to a stfaih127 which corresponds to the Winfrith
parameters FE=0.127 mm. The prescribed axial dfinaimincreases to 0.15 before reversing and

returning to zero strain.

Next the strain is increased in compression froenzéro value at the end of the tensile cycle to a
compressive strain of -0.15. The correspond axiats versus axial strain is shown in Figure 23.
The complete axial stress strain cycle is showrigure 24.
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Figure 23 Axial stress versus axial strain for cosspive loading following tensile failure.
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Figure 24 Complete axial stress versus axial stegponse for uniaxial tensile and compressiveecgtl

loading.
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Figure 25 shows the single crack plane that degelopthe unit cube when the crack width

displacement criterion is satisfied, i.e. FE=0127 &t 9.2 ms. The crack plane is perpendicular
to the (vertical) loading direction. Subsequendiy,30.4 ms, in the compression portion of the
loading cycle, this horizontal tension crack plas€healed’ and a pair of orthogonal crack

planes develops when the unconfined compressiengitr is reached.

Simulation of 41 MPa Concrete Uniaxial Simulation of 41 MPa Concrete Uniaxial
Time = 9.2 Time= 304
Number of elements cracked=1 Number of elements cracked=1

Y

hex

v

hex

Figure 25 Single tensile crack plane introducedriit cube when the uniaxial tensile strength ished
(left) and double orthogonal tensile crack planbemvcompressive strength is reached.

Non-uniformly Meshed Cylinder

The same cyclic uniaxial test simulation is perfedrusing the non-uniformly meshed right
circular cylinder. Again the boundary conditiong @rescribed displacement of the top surface
and traction free lateral surfaces. The top surtasplacement is prescribed to move 0.15 mm in

15 ms, for an overall average engineering axialrsof 3.75x< 10*, since the cylinder is 400 mm
in length. However, since there are 10 elementsgatbe 400 mm cylinder height, the nominal

element strain would b8&.75x 105(: 3.7% 10 /1)1 While both of these strains exceed the

initial failure strain of6.16x 10°, the equivalent strain at which the crack stressio would be
3.175x 10%(= 0.127/ 40K for overall specimen average, Br175x 105(= 3.178 10 /])( for

a nominal element. If the equivalent strain at \whibe crack stress is zero, localizes in one
element, then the strain will B2175x 103(: 0.127/40X, i.e. all the displacement will occur in

one element.

As with the unit cube, once the top surface reathegrescribed displacement of 0.15 mm at 15
ms, then the displacement is held constant untim80when it is reduced back down to zero.
This completes the tension portion of the loadinglee Next the strain is increased in

compression with a top surface moving to -0.55 nirdGams, see Figure 26. The 0.55 mm

compressive displacement provides an average cesipeestrain ofl.375x 10° which exceeds
the compressive failure strain ©f22x 10°, recall Equation (20). Again the intent of theasir
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reversal is to make an assessment of the cylin@drilgy to carry compression after tensile
failure.
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Figure 26 Tension and compression loading cycléhfemon-uniformly meshed cylinder.
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Figure 27 Axial stress versus Element 691 axialstior cylinder UTT simulation.

Figure 27 shows the axial stress versus axials{eement 691) for the non-uniformly meshed
cylinder acting under the uniaxial tension portadrthe above described loading. The reason for
plotting the axial strain for Element 691, ratheairt the average axial strain, is the displacement
localized in the bottom layer of the cylinder'srakents, where Element 691 is located. Figure 28
shows the Winfrith model tensile cracks and theafion of Element 691. Since the Winfrith
model cracks localized in one layer of the cylindbe other elements in the cylinder had very
low strain levels, i.e. up to the initial failur&an (elastic response), and then these low strain
levels decreased to zero as the bottom layer ohezies in the cylinder accounted for all the
overall strain via localization.

Check on the strain to failure for Element 691

Volume=V = 6.086& 16 mr
L=V¥3=39.33 mm
w=0.127 mm (prescribed)

Next the strain is increased in compression froenziiro value at the end of the tensile cycle to a

compressive strain df.375< 10° which exceeds the compressive failure strain. ddreespond
axial stress versus axial strain is shown in FigBeThe complete axial stress strain cycle is
shown in Figure 30.
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Simulation of 41 MPa Uniaxial Tension
Time= 15998
Number of elements cracked=79

K x

Figure 28 Winfrith model crack pattern at bottoryeiaof non-uniformly meshed cylinder for UTT
simulation.
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Figure 29 Axial stress versus axial strain for cogspive loading following tensile failure in thdinger

model.
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Figure 30 Complete axial stress versus axial stegponse for uniaxial tensile and compressiveecgtl
loading for the non-uniformly meshed cylinder.

Simulation of 41 MPa Uniaxial Tension
Time= 39.998
Number of elements cracked=232

Simulation of 41 MPa Uniaxial Tension
Time =

Figure 31 Healed tension crack (left) a 29 ms gymkarance of compressive orthogonal crack planes at
40 ms (right).

Figure 31 shows the ‘healing’ of the Winfrith coat model tension cracks in the bottom layer
of the cylinder at 28 ms. As the compressive portd the loading cycle continues, pairs of
orthogonal tension cracks develop when the comweegsilure strain is reached at 40 ms.
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It is observed that this crack pattern due to casgion after a tension failure cycle is quite
different from that obtained for the compressiofydonconfined compression tests) simulation,
see previous Figure 19.

Simple Loading Cases - Conclusions

The specified compressive and tensile failure gtfenand strains were verified via these simple
loading cases.

In unconfined compression, the unit cube develogedorthogonal set of Winfrith concrete

model crack planes, which are aligned with the amsgion direction, see Figure 15. It was
noted that there is no strain softening after thenmression failure occurs. The unconfined
compression strength was maintained while the axmal lateral strains increased, i.e. elastic
perfectly plastic behavior. While behavior similar the unit cube was observed for the non-
uniformly mesh cylinder, Winfrith concrete modeack planes that develop did not occur in all
elements comprising the cylinder. This indicatesesh size sensitivity.

In the uniaxial tension and compression cyclic ingdthe unit cube developed a single Winfrith

concrete model tensile crack plane perpendiculathéotensile loading direction. During the

subsequent compression portion of the cyclic lagdihe tensile crack is healed, the unit cube
carries compression until the compressive failurairs is reached when the orthogonal set of
Winfrith concrete model crack planes, aligned witb compression direction, develop.

The corresponding behavior for the non-uniformlyshed cylinder demonstrated an apparent
lack of strain softening regularization as the Withf concrete model tensile crack plane
developed only in the bottom layer of elements, motdall those elements were cracked. Further
studies of this apparent lack of regularizationracmmended, e.g. a rod of solid elements with
varying dimensions under tensile loading can bed useassess if the tensile strain always
localizes in the smallest element. During the casgive portion of the cyclic loading, the
tensile cracks were again ‘healed,” and subsequerttiogonal pairs of Winfrith concrete model
crack planes developed when the compressive fadtreen was reached. Oddly, the Winfrith
concrete model crack pattern for this compressivadihg is quite different than the
corresponding crack pattern for the unconfined aasgon only simulation.

Extra History Variables

Based on the notes from
Richard Stuart & Conrad Izatt of ARUP
and
Jim Day of LSTC
http://ftp.Istc.com/anonymous/outgoing/jday/conefetat84_winfrith

Extra | Description | | Notes
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Variable

1 C.raCk crakmax Crack Flag (O=uncracked; 1,2, or 3=cracked)
Indicators

2 dameng Crack opening damage variable (mat 84 only)

3 cdl Crack opening strain in direction 1 (mat 84 only)

4 cd2 Crack opening strain in direction 2 (mat 84 only)

5 cd3 Crack opening strain in direction 3 (mat 84 only)

6 Ox

7 Gy

8 Concrete (o8

9 stresses Txy

10 Bz

11 Tzx

12 ox [ oA

13 Reinforcemen oo X, y and z are global directions, if option 1 ca&rdised.
stresses R A and B depend on layer orientation, if option Bdcia used.

14 (o8

15 XR/RQA | XR, YR and ZR are reinforcement ratios in globakdtions, i

Reinforcemen option 1 card is used.

16 ratios YR/RQB RQA and RQB are reinforcement ratios in A and EBclions, i

17 ZR option 2 card is used.

18 Xcrack 1

19 Xerack 2

20 Xcrack 3

g; Crack vector i’;’“" ! [x y z] is a unit vector normal to the plane of track.
directions crack 2 Crack plane passes through the centre of the elemen

23 Yerack 3

24 Zerack 1

25 Zcrack 2

26 Zcrack 3

27 Principal sfl

28 concrete sf2

29 stresses sf3

30 Crack efl

31 Extension ef2 extension in 1st crack direction and two orthogatigdctions

32 ef3

33 Plastic straine €ox | €pa Plastic strains in reinfo_rcement in.x, y and z gladlirections, i

34 in e /e . ~ option 1 carq is used. - .
. Py pb Plastic strains in reinforcement in A and B direxs, if option

reinforcement .

35 €nz 2 card is used.

36 Concrete Crac crack 1 1 = cracked, i.e. on softening part of curve.

37 Tl s crack 2 2 = crack has closed up

38 crack_3 | 3 = fully cracked

39 epsl

40 eps2

41 Concrete eps3

42 Strains eps4

43 epss

44 eps6

45 ex1l

46 ex2 set equal to efl, ef2, ef3, resp. if tensile

47 ex3

48 tcl time that 1st, 2nd, and 3rd cracks initiate
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49 tc2

50 tc3

51 epv volumetric yield strain

52 nj Counter for number of points if pressure-volume?
53 S\ Volume Strain

54 tdl

55 td2 Crack opening history

56 td3

Set *DATABASE_EXTENT_BINARY parametemMEIPH=56 and post process using LS-PrePost
under Fringe > Misc > History Variables 1-56
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Graphical Crack and AEA_CRACK Text Files

The LS-DYNA keyword *DATABASE_BINARY_D3CRACK can be used to specify the
frequency for writing the graphical crack file indied on the execution line by the parameter
g=crack_filename Unfortunately, the only acceptable value of tlreg@iency is the same
frequency used to write the d3pldatabase, i.eDATABASE_BINARY_D3PLOT, as apparently
the information in the d3plot file is needed toplly the additional information in the graphical
crack file.

To display the graphical cracks, first open theldBfiles and then open the graphical crack file
via the LS-PrePost Open > Others> Crack File. $tepugh the simulation to view cracks as
they form. Under thdost Processingcon there is &ettingsicon, check the radio button for
Concrete Crack WidthBy adjusting the number in tmeinimum crack widtlwidow, the cracks
with smaller widths can be made to disappear. Ascthbelow, the crack widths are apparently
in meters and independent of the user specifiegtilgmgth units.

LS-DYNA also generates a text based crack inforonatie namedaea_cr ack . This text file

is written with the frequency specified via the weyd *DATABASE_BINARY_D3CRACK.
NOTE: if the graphical crack file is omitted, ir@ g= on the execution line, then the frequency
specified via theDATABASE_BINARY_D3CRACK will be used to write the text based crack
file and thus may differ from the frequency spexfivia*DATABASE_BINARY_D3PLOT.

Sampleaea_cr ack output:

time = 0.190E+01 nunber of cracked el enents = 3
el ements with cracks > 0. lmm wi de are printed
el emrent state crack widths
1101 3 0 0 0. 201E-03 -0.426E-06 -0.133E-04
1300 3 00 0. 202E-03 0.723E-05 -0.248E-04
1301 300 0.197E-03 -0.774E-06 -0.125E-04
time = 0.190E+01 tensi |l e danage energy
part 1D non- cr ack crack t ot al
1 0. 0O000OE+00 0. 0000E+00 0. 0000E+00
t ot al 0. O0O0OE+00 0. 0000E+00 0. 0000E+00

The current simulation time and total number otkeal elements are indicated on the first line.
Although the text “>0.1mm” is hardwired into therfiat statement, the Winfrith model internal
units are kilograms-meters-seconds, so the cracfthe are provided in meters and thus
independent of the user’s input length units. Tleetrdines list the element numbers of the
cracked elements, the ‘crack status’, and crackhsith the three ordinal directions.

The crack status is an integer 0-3 with the follagymeaning (I think):

0 = Uncracked.
1 = Cracked, but still on strain softening curvill(&king some tensile stress).
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2 = Cracked, but crack is closed (i.e. can takepressive stress).

3 = Cracked fully (i.e. crack open and zero tersitess).
Since cracks smaller than 0.1 mm are not printethéoaea_crack file, the most common
crack status indicator is the number 3.

NOTE: When the strain rate form of the Winfrith coete model (MATO084) is used, the tensile
damage energies are negative values, else when BBAiBQused, the values always appear to be
zero.

The information in thaea_cr ack file is also available via the Extra History Vaiied® and thus
can be visualized via LS-PrePost using the aforstioeed Fringe >Misc > History Variables.
Perhaps one item that could be added to LS-PreRost, the ASCllaea_crack file is a
histogram of the crack widths at a given time. FégB2 shows a sample of such a crack width
histogram

12
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Figure 32 Example of a crack width histogram olgdifrom theaea_cr ack file.

In this case, th@ea_crack file a T=1.9 reported there were 40 cracked elemand then
proceeded to list the 30 elements with crack widtlesater than 0.1 mm (1.0E-4 m).
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