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Abstract

A model of acylinder with a diameter and height of 400 mm was constructed HDYI$A using SPH patrticles to investigate the
unconfined quaststatic behavior of three concrete material models (i.e., MAT016, MAT072R3, and MAT Bl compression
Models were als@repared using Lagrangian solid elements and analyaeakial compressiomno generate benchmark stressain

data Mesh refinement studies were conducted for the SPH cylinder to investigate the effects of particle spacing on pfedsticns o
modulis and peak average axial strefsalysis of the Lagrangian mod#iowed pospeaksofteningfor MAT072R3 and MAT159 and
nonsoftening (i.e., perfectly plastic) behavior for MATOTI#®e SPH cylinder reasonably recovered the elastic modulus and peak
average axial stressf the Lagrangian cylinder for all three material models, but the-pesk behavior predicted using the Lagrangian
cylinder was not recovered using the SPH cylinder for material models MAT072R3 and MATO016.

To further investigate the pepeak behavior of MATO72R3 and MATO016, timéaxial responsef a 4003 4003 400 mm cubén
compressiomvas simulated using the SPH formulation anthll magnitudes déteral confinement. Results were comgzhwith those
from analysiof an identicalcube built using Lagrangian elements. The SPH cube reasonably rectivergastpeak behavioof the
confined Lagrangian cube using MATO072R3 and MATO16 if a lateral confining pressure of between 0.2%oéihe 2% rage stress
at the unconfined, uniaxial compressive strength was imposed.

Introduction

The Smooth Particle Hydrodynamics (SPH) formulation is a Lagrange pdréiséel method that divides a
domain into a set of discrete mass particlesititatact over a spatial distance. The spatial distance, known as a
smoothing length, uses a smoothed displacement field computed using a kernel function [1]. The SPH formulat
allows for very large mesh distortions and is an effective way to combaeprslassociated with Lagrangian
simulations of impact and blast, namely, severe element distortion and negative volume errors. However,
guastistatic behavior of the concrete material models compatible with the SPH formulation (i.e., MATO016
MATO072R3, anl MAT159) has not been formally characterized and benchmarked against solutions generat
using Lagrangian solid elements: the purpose of this paper.

The quasstatic, uniaxial stresstrain behavioof unconfinedconcrete witha range otompressive strgyths is
presented in Figure 1 [2, 3MI of thesestressstrain curves are similam shape and include a gradual reduction
in strength for strains greater than that associated with peak strpogtpeak softening. The strain at peak
strength increaseas the compressive strength increagé$, a value of0.002for normal strength concrete
Displacement contrdi.e.,displacement (strain) is incrementud the force is measured) was uiedll of the
testsdescribed in Figures 1a and tbbobtainthe descendingranche®f the stresstrain curves.
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Figure 1: Stessstrain curves for concreteith different uniaxial compressive strengths

Sakakibarat al. [5] investigated the unconfined, qusisitic behavior of an elastic SPH cylinder with a diameter
and height of 10 mm using EBYNA [6]. The study investigated the effects of particle density (i.e., particle
spacing), loading rate, smoath length, and particle approximation theories on the fdisglacement behavior

of the cylinderResults were compared with thoseaofidenticatylinder comprised of Lagrangian solid elements
with dimensions of 1 mm 1 mm3 1 mm. The particle density had a significant effect on the predicted stiffness
and strength of the material, with both decreasing as the particle spacing increased. A particle spacing of 0.33
achieved a forcelisplacement curversilar to that predicted using the Lagrangian cylinder. Smoothing length
values of 1.05 to 1.3 (default is 1.2) were considered; the predicted strength decreased as the smoothing le
value increased from 1.05 to 1.3. For the converged particle spabir3@ (nm), a value of 1.05 provided a force
displacement curve similar to that predicted using the Lagrangian cylinder. Two particle approximation theori
(e.g., default (FORM=0) and renormalization (FORM=1) in *CONTROL_SPH keyword) were investigatgd usin
a particle spacing of 0.5 mm. The fordisplacement curve predicted using the SPH cylinder was in good
agreement with that predicted by analysis of the Lagrangian cylinder using FORM=1. The study conducted
Sakakibareet al. [5] did not investigate loér material models available in {LBYNA compatible with the SPH
formulation, such as those for concrete

The study ofSakakibaraet al. [5] prompted the authors to evaluateuheonfined quastistatic characteristics of

the three concrete material modets LS-DYNA compatible with the SPH formulation (i.e., MATO016,
MATO072R3, and MAT159) [6] using anodel of acylinder comprised of SPH particles. Models were also
prepared using Lagrangiarolsl elements and analyzed to generate benchmark -stregs data. Mesh
refinement studies were conducted for the SPH cylindeénvestigate the effects of particle spacing on the
predictions of Estic modulus and peak average axial stréle resultof this study are presented next. Quasi
static simulations of an SPH cube were also conducted for various levels of lateral confinement to further stt
the characteristics of the concrete models. These results are presented in latter sections of the pape

Junel(0-12, 2018 2



15" International LS-DYNA® Users Conference SPH

Unconfined Cylinder Simulations

A concrete cylinder with a diametand height of 400 mm (see Figure 2a) was simuletdd-DYNA using

SPH particles to investigate the quakitic behavior ofhreeconcrete material modelsat arecompatible with

the SPH formulationThe uniaxial compressive strength of the concecribed in units of stressas set equal
to 45.6 MPaA Lagrangian model vt the same dimensions (see Figung\Ras createdsing 40 mn? 40 mm

3 40 mm solid element® benchmark the quastatic resultsThe material models consideredredIAT016,

MATO072R3, and MAT159.

Rigid shell
plate

SPH concrete
cylinder

SPH symmetry
plane

(a) SPH formulation (b) Lagrangiarformulation
Figure2: Models of oncrete cylindes

TheLS-DYNA input parameters are presented able 1 wherer isdensity,G isshearmodulusyi s Poi s s
ratio,andfiisconcr et e compr e® se vter yndidatesrilagthepardmétas nét a required
input for the material model.

Tablel: Concrete material inputs
r (@/mn?) | G (MPa)| n | fi(MPa)
MATO072R3 | 0.00217 0.15 45.6

MATO016 0.00217 4600 |0.15 45.6
MAT159 0.00217 - - 45.6

The Lagrangian cylindei{gure 2b) was subjected to differeates of loading bypplying a constant velocity

to all nodes on the top face of the cylinderresponding to a specified strain rdtbeaverageaxial stress was
calculated bydividing the sum othe nodal forces omthe bottom face of the cylindéy its crosssectionalarea.
TheSPH cylinder was also subjecteddifferentstrain rate by applying a constant velocity to a rigid shell plate
(labeled inFigure 23 that contacts and compresses the concrete cylinder in the axial dir€ctact between

the shell elements and the SPH particles (see Figure 2a) was defined wusing the
*CONTACT_NODES_TO_SURFACE keyword. The MST option in the contact keyword, defined as the shel
thickness, was seqjual to the particle spacin§imulatiors were conducted for SPH particle spamihd, 8, 16,

and 25 mm tadentify a convergednesh The meshes for particle spacioig4, 8, 16, and 25 mm are presented

in Figure & throughFigure 3, respectively. Thaverage axial stress was calculated by dividing the sum of the
nodal forces on thegid plate by the area of the cylinder. The boundary conditions at the bottom of the cylinde
were created using thekeyword *BOUNDARY_SPH_SYMMETRY_PLANE The default particle
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approximation theory (FORM=0 in the *CONTROL_SPH keyword) and the default bmgotength
(CSLH=1.2 in *SECTION_SPH keyword) were used for all simulations.

(@ 4 mm (b) 8 mm (c) 16 mm (d) 25 mm
Figure3: SPH mesés of a 40dnm diameter concrete cylinder

Figure 4 Figure 5 andFigure 6show theuniaxial stressstrain behavior of the Lagrangian cylinder (ségure

2b) using concrete material models MAT072R3, MATO016, and MAT159, respectively, at nominal strain rate
(SR) of 0.0005/s, 0.005/s, 0.05/s, O/25and 1/s. The axial stressain curves are similar for strain rates of
0.0005/s, 0.005/s, 0.05/s and 0.244s response oscillations waybservedor a strain rate of 1/SSince the axial
stressstrain behavior at a strain rate of 0.25/s is simiddhat at 0.0005/s, which is representative of gstadic
loading, a strain rate of 0.25/s was used to characterizesfatisibehavior for the SPH simulations. (The use of

a greater strain rate reduces the computation time.)
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Figure4: Lagrangiarsimulations, unconfinedoncrete cylindedMATO072R3
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Figure5: Lagrangiarsimulations, unconfinedoncrete cylindedMIAT016
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The uniaxial stressstrain behavior of th&PHconcrete cylinder using the MAT072R3 material madedhown
in Figure @&, for a strain rate of 0.25/s. The curves presented for particle spacinf4, 8, 16, and 25 mm.
Results of analysis using a particle spacing of 2 mm were identical to thogedoftitm mesh, and so 4 mm was

assumed to be a converged mesh size.
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(a) Stressstrain curves (b) Von Mises stress, 4 mm
Figure7: Unconfined oncrete cylinder, MATO072R3, SR=0.25/s

The particlespacing of 4 and 8 mm reasonably recovenrtrexage stress (=45.6 MPa) attbenpressive strength

and the elastic modulus of the concrete (=32000 MPa). The elastic moduli (peak average stresses) calculate
analysis using the 16 and 25 mm mesh are @00Pa (40 MPa) and 16666 MPa (37 MPa), respectively. The
underestimation of average stress at compressive strength and elastic modulus using the coarser mesh
highlight the effect of particle dension the results of the simulations asfdhe imporaince oimeshrefinement
studies; a similar conclusion was reached in Sakakibara et al. [5]. Another important observatiavesdigat
axial stresgirops immeditely to zero after peak stressreached, suggesting there is no festk softening of

the unconfined SPH cylinder using MAT072R3. (The effects of confinement on the-stiraissbehavior of
MATO072R3 in the SPH formulation are investigated in the next section.) The-stirass response of an
unconfined Lagrangian cylinder is also presente#figure 7a to enable a comparison of results. Based on the
results of the SPH cylinder with the finest mesh (=4 mm), both the SPH and Lagrangian formulations pred
similar peak values of average axial stragd elastic moduli, but pepeak softeningseen above in Figurg s
observed only with the Lagrangian model.

Junel(0-12, 2018 5



15" International LS-DYNA® Users Conference SPH

The distribution ofzon Mises stresim the cylinder with goarticle spacing of 4 mm, at time of peak average stress
(=6 msec), shown ifrigure b, is not uniform:the inner core of theylinder reaches thaverage stress at
compressive strengif¥45.6 MPa) the stresses in the particles in contact with the shell elements are slightly
greater(=48.7 MPa)than theaverage stres&nd thestresses in the particles tre outer edges of thelmder

(=39 MPa)are less than theverage stress

Figure & andFigure & present theniaxial stressstrain curves for material models MAT016, and MAT159,
respectively, at a strain rate of 0.25/s. The curves are shown for papadmgof 4, 8, 16,and 25 mmThe
stressstrain behavior of the Lagrangian cylindemlsopresented ifrigure & andFigure & for MAT016 and
MAT159, respectivelyfor the same strain rat&€he simulation results using the 4 and 8 mm mesh reasonably
recover the average stress (=45.6 MPa) at peak compressive strength and the elastic modulus (=32000 MP:
MATO016 and MAT159.Similar to the results of theimulatiors using MAT072R3 Figure &), analyses using

the 16 and 25 mm meshes underestimateattezage stress at tipeakcompressive strength and the elastic
modulus. The material model MAT159 exhibits ppstk softening, similar to that predicted using the
Lagrangian cylinder, whereas MAT6 exhibits norsoftening (i.e., perfectly plastic) behavior, and the average
stress drops to zero afalure strain. Thefailure strain for MAT016 is strongly dependent on the particle density
in the unconfined cylinder and is not a udefined inpuffor this material model.

The distribution of von Mises stresses in the SPH cylinders at time of peak average stress is presented in Fi
8b and Figure 9b for MAT016 and MAT159, respectively. Similar to MAT072R3, a relatively uniform
distribution of vonMisesstress is observed in the core of the cylinder using MAT016 and MAT159, but the
stresses in the particles on the outer perimeter of the cylinder and directly in contact with the rigid plate are sme
and greater than the average value, respectively

Theuniaxial stressstrain curvefor all three material models using the SPH formulation (4 mm particle spacing)
arepresented ifrigure 10 All three material model®cover similar values of peak average axial stress and elastic
modulus. However hie stressstrainresponses are significantlyfidirent in the pospeakstress region: MAT159
softens MATO72R3dropsto zero stress, and MATO016 exhibitsn-softeningbehavior.
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(a) Stressstrain curves (b) Von Mises stress, 4 mm
Figure8: Unconfined oncrete cylinder, MAT016, SR=0.25/s
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(a) Stressstrain curves (b) Von Mises stress, 4 mm
Figure9: Unconfined oncrete cylinder, MAT159, SR=0.25/s

Figure10: Quaststatic SPH simulationsll concretenodels

Confined Cube Simulations

Introduction

The results of the unconfined, quasatic SPH cylinder simulations presented previously showed: 1) analysis
using MAT072R3 predicts an elastic modulus and peak value of average axial stress similar to that of 1
Lagrangia cylinder, but does not predict the ppsiak softening observed in the Lagrangian simulation or in
experiments, and 2) the naoftening behavior of MAT016 is similar to that of the Lagrangian cylinder, but the
average stress in tf#PH cylinder drops imediately to zerat a failure strain: behavior not observed in the
Lagrangian simulation. The SPH formulation suffers from tensile instabilities (e.g., formation of voids [7]) an
this is likely the cause of the differences in response of the SPH arahgagr cylinders using concrete models
MATO072R3 and MATO016.

This section investigates the quatatic behavior of MAT072R3 and MATO016 for small magnitudes of lateral
confinement (on the order of 0.2% to 2% of the average stress at the unconfined, uniaxial compressive stret
(=45.6 MPa)). The goals are to overarthe tensile instabilities of the SPH formulation observed in the
unconfined simulations and to recover the ststssn behavior of the Lagrangian cylinder using the SPH
cylinder at very low levels of confinement. A 400 din#00mm 3 400 mm concreteube ee Figure 11a) was
constructedusing SPH patrticlest is simpler to impose a confining pressure on a flat surface of particles. A
Lagrangian cubwith the same dimensionBigure 1b) was createdsing 25 mn® 25 mm3 25 mm solid
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