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= Peridynamic theory of solid mechanics

= Prior work: Challenge problem for necking in metal
specimen under tensile

= Current effort: Damage model for concrete structures
In agueous environments




Peridynamic Theory of Solid Mechanics ) e,

What is peridynamics?

= Peridynamics is a mathematical theory that unifies the mechanics of continuous
media, cracks, and discrete particles

How does it work?

The material point X
interacts directly with all
points within its horizon

=  Peridynamics is a nonlocal extension of continuum mechanics
= Remains valid in presence of discontinuities, including cracks

= Balance of linear momentum is based on an integral equation: @

p(x)u(x,t) = /gg {T[x,t] (x' —x) — T'[x,t] (x = x')} dVi + b(x,t)
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Divergence of stress replaced with
integral of nonlocal forces.

S.A. Silling. Reformulation of elasticity theory for discontinuities and long-range forces. Journal of the Mechanics and Physics of Solids, 48:175-209, 2000.

S.A. Silling, M. Epton, O. Weckner, J. Xu, and E. Askari, Peridynamic states and constitutive modeling, Journal of Elasticity, 88, 2007.
F. Bobaru, J.T. Foster, P.H. Geubelle, and S.A. Silling, Eds., Handbook of Peridynamic Modeling, CRC Press, 2016. 3
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Constitutive laws in peridynamics

= Peridynamic bonds connect any two material points that interact directly

=  Peridynamic forces are determined by force states acting on bonds

T[x,t] x;—x)

Force State Bond

= Force states are determined by constitutive laws and are functions of the
deformations of all points within a neighborhood, and possibly other variables

= Material failure is modeled through the weakening / breaking of peridynamic bonds

Meshfree discretization of a peridynamic body

= A body may be discretized using a finite number
of nodal volumes

Mz

p(x) i (x, 1) (x; —x) = T'[x}, ] (x — x3) } AVir + b(x, 1)
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Peridynamic force states map bonds to pairwise force densities

= Peridynamic constitutive laws can be grouped into two categories
= Bond-based: bond forces depend only on a single pair of material points
= State-based: bond forces depend on deformations of all neighboring material points

Microelastic Material Linear Peridynamic Solid : FETL R
5 initial bond length
= Bond-based constitutive model = State-based constitutive model y  deformed bond length
s bond stretch
= Pairwise forces are a function of = Deformation decomposed into deviatoric and e bond extension
bond stretch dilatational components o devéatoric_ bond
= xtension
influence function
— w 3 0 x w m
S:y 0:_/(Q£)§dv edze___ Vv volume
x m H - - 3 H neighborhod
= Magnitude of pairwise force = Magnitude of pairwise force density given by o gl
density given by g aulntalien
3]{)9 15 0 horizon
_ /'l’ d k bulk modulus
z: ﬁs i_ m L_d)—(_i_ m W e I shear modulus
7'('5 pairwise force
¢ density

S.A. Silling. Reformulation of elasticity theory for discontinuities and long-range forces. Journal of the Mechanics and Physics of Solids, 48:175-209, 2000.
S.A. Silling, M. Epton, O. Weckner, J. Xu, and E. Askari, Peridynamic states and constitutive modeling, Journal of Elasticity, 88, 2007. 5




Applying Classical Material Models in Peridynamics (& o

Approach: Non-ordinary state-based peridynamics
=  Apply existing (local) constitutive models within nonlocal peridynamic framework

= Utilize approximate deformation gradient based on positions and deformations of
all elements in the neighborhood

@  Compute regularized deformation gradient

N N
i=0 J

Classical material model computes stress based on regularized deformation gradient

© ©

Convert stress to peridynamic force densities
T —x) =woK ! (x —x)

@  Apply optional stabilization forces to mitigate low-energy modes

S.A. Silling, M. Epton, O. Weckner, J. Xu, and E. Askari, Peridynamic states and constitutive modeling, Journal of Elasticity, 88, 2007. 6




Bond Failure Laws
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Material failure is captured through the breaking of peridynamic bonds

= Critical stretch model for brittle failure

= Bond fails irreversibly when critical

stretch is exceeded

L ymax — X

Smax - T

= Alternative models

= Energy-based approach [Foster]

= Ductile failure models [Silling]

Silling, S.A. and Askari, E. A meshfree method based on the peridynamic model of solid mechanics. Computers and Structures 83:1526-1535, 2005.

0 i 8w < 8
1 if  Smax 2 50

Critical stretch value determined from
the material’s energy release rate

Fracture surface

Gy = /0 ’ /0 i / ’ /0 c()s—lz/{(csgf/z)g2 sin ¢ dp d&d0dz

o _ J10G, _ \/SGO
S ned’  V 9%6

[Images from Silling and Askari, 2005]
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Peridynamic Horizon Provides a Length Scale

Nonlocality (length scale) relieves mesh dependence

= The peridynamic horizon introduces Coars;]e
mes
a length scale that is independent of t
the mesh size

= Decoupling from the mesh size
enables consistent modeling of
material response in the vicinity of
discontinuities

mesh

= Example: mesh independent plastic
zone in the vicinity of a crack

l Fine

) mesh
Pre-cracked specimen

loaded in tension

Medium
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Component of plastic deformation
gradient in loading direction
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Connection to Local and H.O.G. Models i)t

= Local models contain no length scale
i(x) = au” ()

= Higher-order gradients introduce a length scale in a weak sense

. L /" /111 Dimensional analysis shows that
U(.CC) = au (3:) + bu (ZC) sqrt(b/a) has units of length

= Peridynamics is a strongly nonlocal model

Peridynamic model (nonlocal) W Taylor Series

5 |
oii(z,t) = /  u(z + €,t) — u(z, t)] deJ ¢

s |el Higher-order gradient model (weakly nonlocal)

@+5_284u+ 54 86u+
Ox2 24 0x*  10800z6

( \ U ,t == Ka
Local model pil(z ) [
82
pil(x, t) = Ka—u -

S.A. Silling and R.B. Lehoucq, Convergence of peridynamics to classical elasticity theory, Journal of Elasticity, 93(1), 2008.

P. Seleson, M.L. Parks, M. Gunzburger, and R.B. Lehoucq. Peridynamics as an upscaling of molecular dynamics. Multiscale Modeling and Simulation,
8(1), 2009.
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= Prior work: Challenge problem for necking in metal
specimen under tensile
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Can a peridynamic model predict localization?

Calibration geometry
= Test setup:

r- 4.000£.005 -

= 304L stainless steel (very ductile) | 1250002 T S '
= (Quasi-static loading condition 1 : -500?005
= Standard tensile test results provided for calibration \ "N R.250£.010

= Challenge: 2512001 — R562.5:0010

.250+.001 —
= Predict force and engineering strain at peak load

= Predict engineering strain when force has dropped to 95% of peak load

= Predict chord lengths when force has dropped to 95% of peak load

Test
geometry
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Classica elastic-plastic model with piecewise linear hardening curve

=  Quasi-static simulations carried out with
Sierra/SolidMechanics

Young’s Modulus 199.95e3 MPa

= |nitial calibration taken from classical FEM model

) ) ) Poisson’s Ratio 0.285
of tensile test (automated calibration tool)
Yield Stress 220.0 MPa
= Hardening curve manually adjusted past ultimate
tensile strength
Hardening Curve T
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Necking Experiment: Model Calibration ) e

Tensile test with localization

Cross-sectional Area

Initial value: 0.031 in?
Simulation at 75% peak load: 0.0129 in?
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Necking Experiment: Test Geometry h) i,

Direct application of calibrated parameters

= Peridynamic horizon and mesh refinement were sufficient for calibration geometry,

but insufficient for test geometry 1000
. . 3500
= Failed to predict response of test geometry -
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Reduction of peridynamic horizon

=  Horizon reduced from 1.055 mm to 0.353 mm

=  Mesh size increased from 189K to 1507K elements ~ *

2500

= Dramatically improved agreement between
peridynamic model and experimental data
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= Current effort: Damage model for concrete structures
in agueous environments




Sandia
rh National
Laboratories

Peridynamic Modeling of Failure in Civil Structures

Integrated multiphysics modeling of environmentally assisted fracture

= Goal: Damage model for concrete structures in agueous environments
= Challenge: Linking mechanics model and flow/transport model

= Strategy: Couple peridynamic mechanics model (Peridigm) with
flow/transport model from geomechanics community (PFLOTRAN)

Denotes required development

Jessica Rimsza (PI)
Nancy Brodsky (PM)

———— — -

Nonlocal mechanics  + =~ ¢

Material failure models ' informedby
| PFLOTRANdata Updated water and

Crack propagation  — — — — — — vapor saturation Jennifer Frederick

Reese Jones

Tara LaForce
David Littlewood

PFLOTRAN

e e s S \
I Generation of discrete I - Bisgele_ﬁ;cw'_e - Subsurface flow

f
| "
fracture network (DFN) mesh | | _ networkinformedby | R€active transport

| peridynamic model J Geochemistry
'l dfnWorks

Meshfree
crack
network

Updated DFN
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Two-way coupling strategy

Peridynamic mechanics model determines material damage (bond failure)

Permeability is determined as a function of peridynamic damage, passed to flow model

= Candidate relationships between damage and permeability

@ — 6(ad)B [Picandet, et al.] @ — e(l—ad) [Zhou, et al.]
kO ko

=  Flow and transport model determines fluid saturation and/or pressure

Elastic properties and peridynamic damage law are a function of fluid saturation

V. Picandet, A. Khelidj, and G. Bastian, Effect of axial compressive damage on gas permeability of ordinary and high-performance concrete,
Cement and Concrete Research, 31(9), 2001.

C. Zhou, K. Li, and Han J., Characterizing the effect of compressive damage on transport properties of cracked concretes, Materials and
Structures, 45(3), 2012.
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= Problem setup

Nominal

FEM mesh Meshfree Appl.ied Displacement
(PFLOTRAN) (Peridgm) loading (magnified 20x)

= Fluid saturation coupled to mechanical response
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Water diffuses into body over time - alters mechanics response - damage influences diffusion
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= Damage progression in unmodified model

I

g a = s - - 3
I I I I k |- '

Step 900 Step 1000 Step 1100 Step 1200 Step 1300 Step 1400 Step 1500 Step 1600 Step 1700

= Damage progression in modified model

= (Critical stretch is reduced as a function of fluid saturation

I I I - -

Step 900 Step 1000 Step 1100 Step 1200 Step 1300 Step 1400 Step 1500 Step 1600 Step 1700

= Damage initiates under smaller load and follows different crack path

Blue = Unmodified Model
Red = Modified model

Colored nodes have damage > 40%

20
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Peridigm peridynamics code
https://github.com/peridigm/peridigm

PFLORTRAN reactive flow and transport code
https://www.pflotran.org

Peridynamic Theory of Solid Mechanics:
Modeling, Computation, and Applications

USNCCM 15 Short Course
Pablo Seleson, John Foster, and David Littlewood
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