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Synopsis. Numerical modelling is nowadays commonly employiadthe analysis of concrete structures
subjected to extreme dynamic loadings such as.agthisticated material models, particularly ceter are
available in commercial codes and they are oftgaliegh in their default settings in a diverse ran§enodelling
applications. However, the mechanisms governinferint load response scenarios can be charaateligti
different and as such the actual demands on spems$fpects of a material model differ. It is therefmot
surprising that a well-calibrated material modelynexhibit satisfactory performance in many applamadé but
behave unfavourably in certain other cases. Maugthhe response of reinforced concrete structorétast load
presents such an important scenario in which theadds on the concrete material model are consijerab
different from high-pressure scenarios for exanmpégh-velocity impact or penetration. This papemsiefrom
an initial modelling undertaking in association lwthe Blind Blast Contest organised by the ACI Catien
370, and extends to a detailed scrutiny of the aelm@n the concrete material model in terms ofgrkésg a
realistic representation of the tension/shear hiebiavand the implications in a reinforced concret¢eponse
environment. Targeted modifications are proposeithvbiemonstrate satisfactory results in terms ofifygng
the identified shortcomings and ensuring more robimsulation of reinforced concrete response tetdizading.

Keywords: reinforced concrete, blast load, numerical siniotatconcrete material model, damage mechanism,
failure mode
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INTRODUCTION

The response of reinforced concrete (RC) structtoesxtreme dynamic loading such as blast and itjsac
complicated due to a combination of several fagtofsvidely cited ones being stress wave and stiatia (e.g.
Bischoff and Perry, inertia-induced confining effect (e.g. Donzeakt, Li and Mend, Song and L), and large
deformations. Extensive research has been devatedtibe past decade or so to understanding eatiesé
phenomena, and the research work has seen ingje@siolvement of the use of high fidelity numerical
simulation techniques in more recent years. Indeaderical simulation has made it possible to #uigé in
great detail the development of the stress-stialds and the evolution of damage during and dftertransient
phase of the blast effect. Sophisticated materiadlets have been developed and continuously evalistd
calibrated to cater to the numerical simulationdseia a variety of dynamic loading conditions.

At the backdrop of all the developments it is wopthinting out that the response of a concrete strecor
structural component subjected to a high impulgiael would invariably experience distinctive respephases
from the initial contact with the incoming load ttee later global deformation response. While thgonitg of

the so-called hydrocode models for concrete-liketenils have been validated to a varying extent in
applications where high pressure and localised nahtesponse plays a dominant role in impact askpration
(e.g. Polanco-Loria et d).Unosson and Nilssé) near-field blast (e.g. Tu and {,wakrisson et &), systematic
examination of the performance of such material elmcextending into the global deformation phase is
relatively limited. It is generally understood tliae dominate mechanisms in the global deformatimese can
be significantly different from those in the highténsity transient local response phase; the fiattthe pressure
level becomes low in this phase of response regjuive material model to be able to accommodatdoi@ns
shear, as well as the relatively simple compresbmaviour under low pressure but still complex tivatial
stress condition. The demand on the material mbdig able to exhibit appropriate behaviour in i@msand
shear becomes particularly important in reinforcedcrete structures to ensure that transfer o§stebetween
concrete and reinforcing bars can take place gahstic “reinforced concrete” composite manner.

A numerical model for reinforced concrete that &pable of simulating the entire process from ditdast
loading through to the final global deformation phas generally required in civil engineering apgtions
where the residual state and the residual capaaifighe affected members can play an importart imlthe
design and evaluation of such effects. Howevedissussed above a concrete material model whiclstasn
sound performance in high-intensity stress apptioat may not necessarily perform as well in a micéd
concrete environment under a global deformationage.

The recent blind blast contest organised by ACI @itee 370 provided an excellent and rather unique
opportunities for an in-depth examination into thedelling of reinforced concrete response to bleatling
with hydrocode material models. The test RC slak veanforced by a single layer of steel bars withay
shear links, and this reinforcement scheme poggsdemands on the residual behaviour of the comenetdel

in tension and shear in maintaining an adequateedegf integration with the rebar, thus maximises t
exposure of any issues of the concrete materiakiiadhis category of numerical simulation for Rttuctures.

This paper is mainly concerned about the behavidwa representative concrete material model in dgode
platform LS-DYNA’, namely the Karagozian & Case Concrete Damage jK@a@et’, when it is applied in
modelling blast response involving global deformatiThe main objectives are to demonstrate itsopednce
under this regime of the responses, to investigdtethe cause of some abnormal behaviour, andesuiestly
to propose and demonstrate possible remedies. E@mpaarison, another widely used model in LS-DY Ni#e

Continuous Surface Concrete (CSC) mdés also employed and discussed.

In the present paper, securitisation of the defaiksponse in relation to the basic behaviour ef rifaterial
model suggests that the particular issue with ti€€Knodel seems to originate from the abrupt desograf
the material towards a zero strength state follgwan tension/shear dominated damage process, and the
consequent diminish of the interaction betweerstiel rebar and the surrounding concrete. In cshtitae CSC



model always retains a certain level of residugkcity which enables an effective connection betwbe rebar
and the surrounding concrete at the severely dagngenot completely failed state. However the GBalel
tends to exhibit an overly ductile behaviour undeconfined tension condition, which is also examimad
discussed in this paper.

To rectify the behaviour of the KCC model towarks tetention of a minimum level of residual tensiieength
under large deformation, a modification to the d#éfa-1 curve in conjunction with an adjustment to the
compressive damage cumulative parameten the KCC model is proposed. This modificatiohesme serves
well the needs of providing a prolonged minimumeleaf tensile strength while avoiding unwanted raltien of
the general compressive behaviour. The modificagatemonstrated to improve the simulation usirggKICC
model remarkably and the modified results compaekt with the relevant experimental results.

OVERVIEW AND GENERAL DISCUSSION OF THE CONCRETE MATERIAL MODELS

The concrete material models used in hydrocodelation of the dynamic response under high rateitgsl
generally need to accommodate a wide range of ymesstress states, strain rate, and levels of gamMost of
such material models are formulated in a similamage plasticity framework. The KCC and CSC models
employed in the present study, available in LS-DYNste well documented in previous publicatiisand
have been subjected to extensive scrutiny andatidid studie§****° For the purpose of present discussion, an
overview and discussion of some of the key featthas relate closely to the behaviour in a typiegahforced
concrete simulation environment is provided.

Strength surfaces and damage definition in KCC rhode

In KCC concrete model, three independent strengtifases are defined for yield, maximum and residual
strength, respectively. All these strength surfarespressure sensitive, and a complete definigguires eight
material parameters which are determined from stahchaterial testd At any state of damage, the prevailing
strength surface is defined as a linear interpmtabetween the maximum and either the yieldingesidual
failure surfaces, depending on the cumulative danhexgl:

nho, +(@1-n)Ao, for A<A,
A V3J 1
o= 2) = {I]AU +(1 /7)Aa for A=A, @)

where Ao, ,AUy andAUr represent the maximum, vyielding anddwes surfaces respectively. The

interpolation factor; is a function of the modified effective plasticash measurd , as shown fing. 1, and it
varies from 0 (before yielding) to 1 (whdn equads/],;]) to allow the strength surface to move between

yielding to the maximum strength surface, then franto zero to allow softening to develop betweea th
maximum and residual surfaces.
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Fig. 1 - The defauly-1 curve defined in KCC model

The modified effective plastic strath s defined as
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where the effective plastic strain increment isegiby
(23)5ijpgijp (3)

ft, re and Eijp are the tensile strength, rate scaling factor tatal plastic strain component, respectively.

and b, are exponential weighting factors to control difet rate of accumulation of incremental plastiaistin

the hydrostatic compressiop £ 0) and tension regime & 0), and in this way the softening phase deveiops
distinctive manners under compression and tenséspectively, while the samgA curve is employed.
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Fig.2 - Incremental plastic strain multiplier vsydirostatic pressure

For an illustrative purpose, let the rate scaliagtdér be unity (no strain rate effect) and the iplidtr of the
incremental plastic strain iBq.2 may be written as:

A:{(ﬂl);_p for p=0 @
(B,)deP  for p<O

1 _ 1

where =, =
A @+ p/ f)™ & @+ p/ )

With KCC default values db,;=1.6 andb,=1.35, the variation g8, and 5% with pressure are plotted kig. 2. It
can be seen that with the defaujtamd B values, the rate of damage accumulation is greatbelerated in
negative pressure regime and decelerated in pggtiessure regime and a smooth transition is etatleero
pressure point.

It is also noted that the actual values lmfand b, themselves control the rate of accumulation of the
incremental plastic strain into the tothlthus different shapes (slopes) of the softeniram¢h may be realised
by adjusting theb, (for compression) anth, (for tension) values.

In the KCC model, the damage level is directly tedato the modified effective plastic strain. Farsp
processing purpose, a damage scalar called SDeqstamage factor) is further introduced and defined as
follows:

2/
A+A

SDF =

(%)

m

As A isa positive non-decreasing variable, SDFegfiom 0 to 2. In the pre-peak phase 0<SDF<1 véreh

concrete enters softening phase, 1<SDF<2. SDF eaintapproaches 2 ad  increases to infinity, which
ultimately represents a total damage state. A rdetailed look into the variation of SDF with thecamulation
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of damage will be given later in comparison with tamage index adopted in the CSC model.

Strength surfaces and damage definition in CSC inode

The failure surface in CSC model is defined as aathmintersection between a shear failure surpre(Il)

and hardening cap, (Jl,K) , as expresseHdrb.
f(|1,32133:K):32_DZFch (6)

With failure surfaces defined above, the model wsesalar damage indeixto transform the undamaged stress
tensor into damaged one:

a_i?amaged - (1_ d)a_i?amaged (7)
Damage index ranges from 0 for no damage to 1 for completeufajland is defined in accordance with two
strain-based energy terms, namely, brittle andildudamage index, anddy for tensile and compressive stress
state respectively,

max(d,,d <0
d= @,.dg) p ®8)
dg p>0

To simulate the crack opening and closure, thdldritamage index drops to zero whenever the hyaliost
pressure enters compression, such that the resodumapressive strength and stiffness is recoveredrack
closes. Once the pressure switches from compregsiensile again, the previous maximum value eflifittle
damage index is reactivated. The softening functib d, and dy are defined as a function of the damage
thresholdr, which is a term used to describe the currenirstrad energy accumulation,

9

Parameter A, B, C and D control the shape of tliesimg function. The brittle damage threshalds defined
by the maximum principal strain, whereas the dectlamage thresholdy depends on the total strain

components, as follows:
_ [egp2
Ip = Egmax

BN (10)
Iy = EUij &jj

Consideration of fracture energy and mesh conveargen

The general considerations of crack softening ih BaCC and CSC models stem from the crack bandryi&o

To enable a mesh-objective solution and generahneesivergence, both KCC and CSC models essentially
incorporate a length factor, albeit in a differemnner, which relates the strain energy over aaciaristic
“band width”, L., in the softening phase of the material respomseatget fracture energyG, which is
considered as a material propéttyin a general form, this requirement transpiresatisfying the condition
expressed ifq.11:

+oo G
e=—1 (11a)
£m LC
or Lma(Lcds) = L%da =G, (11b)

In CSC model,L. is simply tied to the characteristic element size(cubic root of the element volume),
implying that the softening (crack) is always losatl within a single layer of elements. On the otiend, KCC
model provides a possibility of dealing with softemto spread (in the band width direction) overltiple
elements, and this is achieved by introducing a& sgecified localisation width,,. When the element sig is
larger tharnL,, the standard treatment prevails such that theactexistic length_; in Eq.11a is made equal to
the element sizk.. In case the element size is smaller thgrthe stress-strain relation is then adjusted based

5



the assumption that the facture energy is dissipaithin the localisation width,, rather than a single element

lengthL,. In short, the handling of the softening and cdesition of the strain energy through a charadieris
band width in KCC and CSC may be summarisedqri2:

Lo for CSC

- (12)

max(L,,L,) for KCC

For FE analysis in relatively simple tension-donsuhloading conditions, localisation will inevitgbbccur
along a single row of elements perpendicular topttmary tension direction. In such situationssibbvious that
the localisation width should be tied to the eletrs@re, which meank,, should be given a value equal to the
characteristic element side.. However when the stress state becomes complidated damage zone, the
localisation width could spread across more thae element in the FE model, particularly in the cata
refined mesh, and consequently the settingofvould become a complicated issue and an apprepciadice
could be case-dependent. Further discussion aluisgibe is beyond the scope of this paper. Inghesent
calculations, the standard option that the tangett@ire energy is realised over a single elemedthws adopted.

Further discussion on interpretation of the damiadées

In view of the different ways that the damage ssadae defined in the KCC and CSC models (similarlgther
damage plasticity models), single-element numettests are conducted to demonstrate the concrspomee
and the computed values of damage under uniaxigide and compression. A single cubic element \&ith
length of 25.4mm (1in) and compressive strengtB0dPa (4.35ksi) is chosen.

The uniaxial tension and compression stress-stuativies produced from the KCC and CSC models, réispég
are shown irFig. 3 along with the indication of the damage scalaueal Note that the absolute strain values in
a single element test is element-size dependertrabe understood froEx. 4, so the strain values need to be
read with the element size in mind. On the otherdh#he total deformation of the element, whichhe tension
case would represent the “crack width”, would bdejpendent of the element size. The scale of detayma
values are also indicated on the top axiBim 3.

deformation (mm) deformation (mm)
0 0.03 0.06 0.09 0.12 0O 01 02 03 04 05 06
3 , \ ' 1 2 30 1 \ L L L L 2
F ——KCC ——KCC
251 ——cCSsC 1 15 51 ——cCSsC 1 15
B 2 index SDF — & 520 1 index SDF|_| 3
s index D = s index D £
RN A A
o £
% 1 3 # 10 §
/\\ - 0.5 L 05
05 -/ K 5 | \
0 T T T T 0 0 . . - — 0
0 0.001 0.002 0.003 0.004 0.005 0 0.005 0.01 . 0.015 002 0.025
strain strain
a) uniaxial tension b) uniaxial compression

Fig. 3 - Uniaxial stress-strain curves producedtbg two material models (1mm=3.94*4)

From Fig. 3 it can be seen that slight difference in the tensirength exists between the two models for the
same target compressive strength. More remarkablyever, the shapes of the softening curves aferelift in
characteristics. Taking the tensile curves for gxlamwhile both KCC and CSC curves tend to covsingilar
area (thus indicating similar fracture energy), K@&C model has a terminate strength cut-off atairstevel of
about 2.3*1C¢, or a “crack width” level of about 0.06mm (2.3*3fl), beyond which the material would have
zero strength. On the contrary, the CSC model hasra gradual descending phase. The patterns autives

in compression are similar to the respective tensilrves. Further discussion about the potentfecebf the
KCC model having a strength termination point Wi given later.

With regard to the damage scalars, aside fromatkthat the SDF factor in KCC has a scale randge-8fwhile
the damage index in CSC has a range of 0~1, whigy Ie unified easily if needed, the SDF factor setal
exhibit a narrow effective range as it is alreadgager than 1.5 before reaching the maximum stherigt
comparison, the damage index in CSC model tendsxhibit a more gradual increase while the material

softening accumulates. The D index appears to lgloséate to the (descending) stress state andabiselute
strain, which seems to be physically more meaningfu



Fig. 4 further illustrates the relationship between tiF=Snd D indices. Form the whole range perspecthes,
two indices do not appear to get along with eatterotBut upon a loser look, they are reasonablyetated in
the medium to severe damage states. In the D iode, this marks a range of 0.3 to 1.0, but theesponding
SDF is in a very narrow range of 1.97~2.0. Thigetfe range of the SDF values for severe matdaaiage
needs be particularly noted when it comes to im&tipg the severe damage or crack patterns withSIbE

factor.

2 2
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Fig. 4 - Relationship between SDF in KCC and D $30model

NUMERICAL SIMULATIONS AND COMPARISON WITH EXPERIMENTAL RESULTS

The motivation of the present investigation inte therformance of concrete material models in afossed
concrete structure stems from the initial expemsnacquired from the numerical simulation exerdise
connection with the Blind Blast Cont&stFull details of the physical experiments were ailable at that time
but exploratory simulatioddusing KCC model demonstrated some unexpected afaoesponse as compared
with the simulation using the CSC model. The oves#luctural response in such a loading scenaris wa
primarily of a monotonic process, and consequehiyperformance of these material models was egfgaut

to differ significantly. However, it has been diseoed, rather surprisingly, that the KCC model douobt
produce a sensible result especially in the lategesof the response, whereas the CSC model exdaisonable
performance throughout the entire response.

In this section, the simulation of the RC slabnigsdduced and discussed in light of the experimeaetults that
have now been made availafleThe abnormal response in the KCC model is hifitdid. The numerical
investigation is then extended to the simulatioraajuasi-static RC beam test to further observentaterial
model response without the involvement of possibleamic effects, and furthermore to the simulatiéra
concrete pull-out test scenario to ascertain thati€fication of the cause of the problems.

Simulation of RC slab response to blast load

The simulation being discussed here is concerndid tve normal strength RC slab in the contest @nogne.
The RC slab, along with other specimens, was albjintested at the University of Missouri KansagyCi
(UMKC) using a blast loading simulator, which igpehle of simulating a uniform pressure pulse ornldhding
face. The slab was supported against two stroreg stex beams on the rear side of the slab, andesonse of
the slab was measured by accelerometers and |&ssumement device attached to the rear face dldbe The
test RC slab was a one-way slab with a net spat820 mm (52in) and a thickness of 101.6 mm (4ije T
longitudinal reinforcement consisted of 9 No. 3etears of diameter 9.525mm (3/8in), and nomirahsrerse
reinforcement consisted of 5 No. 3 steel bars.tidl reinforcing bars were placed on the bottom &iggosite
to the loading face) of the slab. The normal sttleRC slab was cast using concrete with a comprestiength
of 34.5 MPa (5ksi). The reinforcing bars were o&@ 60(ksi).



concrete

reinforcing bars

axes of symmetry
simplified support

Fig. 5 - Layout of the ¥ FE model for the slab déimel end support beam

The numerical simulation is carried out using LSNDA. In the FE model for the slab, 8-node solid edats are
used for concrete whilst 2-node beam elements sed tor longitudinal and transverse reinforcememtse
rebar elements are embedded in the solid elementsthat they connect to the concrete elements stittred
nodes, mimicking a perfect bond condition. To presehe support condition, the profile of the supgmox
beam was retained in the model and the RC slalkate@ on the support beam via surface to surfanéacb
Considering the symmetry, only % of the test R® sleeds to be modelled, as depicteHiun 5.

The concrete in the RC slab is modelled by KCC &8 material models in two different FE models,
respectively. In both models, the automatic geim@radf material model parameters is adopted by i§peg
only the unconfined compressive strength, whiclB34s5MPa (5ksi) based on the experimental data. Ahme
convergence study was conducted and accordingethdts a nominal mesh grid size of 6.35mm (1/4iakw
adopted in both FE models for the detailed simaoiteti This offers a resolution of 16 solid elemeaitsg the
slab thickness, with a total of about 140,000 eleisieCorrespondingly, a localisation width,) of 6.35mm
(equal the average element size) is employed ilK@€& model.

In the FE model, the rebar elements are modelled Iiye material model
*MAT_PIECEWISE_LINEAR_PLASTICITY, which allows a pte-wise definition of the stress-strain
relationship to match closely the actual post pstake of the test result. Blast load is simulatgdiiformly
distributed pressure pulse onto the loading facéhefRC slab, using the pressure history recordech the
actual experiment.

Fig. 6 shows the time histories of the central deflecti@nd reaction forces in the ¥ models using KCC and
CSC model, respectively. The experimental blastefas calculated based on the pressure pulse dppit® the
one-quarter model of the slab.

140 4.5 120 30
/ ——KCC
120 ) 100 44— cse 25
E 100 = —
£ //\_/—\ -3 Z 80 11y applied force [T 20
c 80 = =t =
=] e S 60+ \’ 15 -2
g 60 —Kce [ .= 8 =
= - 15 8 40 - 10
5 a0 // —=ucsc = 1 \
1/ L 20 L W -5
27 = W
0 . ; . 0 0 . ; Lo
0 40 60 80 0 20 40 60
time (ms) time (ms)

Fig. 6 - Time history of central deflection and céan

As can be seen froffig 6, the deflection predicted by the CSC model agrek with the experimental results,
and it exhibits an increasing phase until aboutni®0(3.9in or 7.6 % of the span), followed by a kab
oscillation around a permanent plastic deformatas,observed from the actual experiment. In cohttas
deflection time history from the KCC model shows amstable (diverging) response following the initia
increase of the deflection. It is noteworthy thae slab appears to have failed globally in the Ki@@del at
about 13ms when a central deflection reaches dmyita60 mm (2.4in or 4.5% of the net span), whichvell
below the peak deflection experienced in the expent.

Fig. 7 shows the damage patterns along the rebar andtlowesiab depth at selected time instants as astain
using the KCC (left) and CSC model (right). Theafiorack patterns of the experimental RC slabepsnted in
ref are reproduced iRig. 8 for a comparison. Note that in order to make tamage comparable, the scale of
the SDF in KCC model is narrowed to a range of 42000 against a range of 0.3~1.0 in CSC model in



accordance with the calibration results shown earl

It can be observed from both KCC and CSC modelsahtne initial stage, damage develops as bencfisacks,
starting from the mid-span region and then propagabwards the support. However, upon reachingptek
resistance at around 10 ms, the model with KCC macexhibits a rapid spread of damage in concrete
surrounding the longitudinal reinforcing bars andhe high shear region. The spread of failureanceete in

the KCC model appears to eventually result in tregitudinal rebar detaching from the surroundingarete
alongside loss of shear capacity over the deptheo§lab at about 14 ms, leading to a completedbt®e global
resistance of the slab.

In contrast, the damage in the model with CSC téadsabilise with a final crack pattern featurgddistributed
lateral cracks together with longitudinal cracksngj the main reinforcing bars, which agree favolyraith the
experimental result.

t=8ms

t=10ms

t=14ms
(left: KCC_1.97~2.00; right: CSC_0.3~1.00)

Fig. 7 - Damage distribution in the slab surfacedawver cross-section



Fig. 8 - Experimental crack distribution after btgsourtesy from ret* %)

Fig. 9 presents the evolution of the axial stress digtitin in rebar at selected time instants. At thdyestage of
the response up to about 8 ms, the axial stredsinebar develops in a similar fashion in both K&@ CSC
models, and is consistent with a flexure-controllesponse under a distributed load. The shear-Btmeds in
the concrete elements to which the rebar elemewstsaatached is correlated to the slope of the toxgial

distribution of the axial stress in the rebar. Fieig. 9 it can be observed that when the global respasehes
a certain limit, herein at about 10ms, the stresthé rebar stops increasing in the KCC modelciatitig that
the shear and the rebar anchorage region (clogéetend support) starts failing, while displacetiaoreases
uncontrollably.
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0 200 400 600 800 0 200 400 600 800
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Fig. 9 - Development of axial stress distributidargg longitudinal rebar (t: ms)

Comparing to the KCC model, the axial stress in@8C model exhibits a consistent but globally iasieg
pattern as the response develops to reach the gefakmation. There is no sign of extensive bondsiear
failure in the concrete. Further details aboutdbmparative simulations between the two modelstferRC slab
can be found in rét.

Simulation of RC beam under quasi-static load

In recognition of the fact that the significantfdiences in the simulation results between therhwedels occur
in the global deformation phase of the response imparticular the KCC model appears to exhiljir@mature
global failure, it was considered useful to cargt e simulation on a static RC beam to further eéranthe
material behaviour in a global deformation modeesponse, but without any transient dynamic infogsn

P/2 P/2 152.4
L 914.4 | 914.4 | 914.4 Ll S
152.4 152.4

71 Y Y 171 -
% S
§ o

] A 3048 + ] &—3rebars

I
support support

(a) Dimensions of specimen (unit: mm, 1mm=3.94*1)-adapted from ref25)
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(b) Geometric layout of numerical model

Fig. 10 - Experimental RC beam and its FE model

As mentioned before, to fully expose the behavimfuthe concrete material model in interacting vitie main
reinforcing bars, it is desirable that the RC speri involves only a simple layer of main reinforgiars. For
this reason, the RC beam tests conducted by Jahaeeyselected. The particular test beam considerethe

present simulation is shown Fg. 10(a). The beam had a net span of 2743mm (108in), itdmdyl longitudinal

reinforcement without any stirrups. The longitudireinforcement consisted of 3 No. 5 steel baréngivise to a
reinforcement ratio of 1.87%. The beam was tested four point-load bending configuration. The lentp

thickness ratio was about 13, similar to the R® geesented earlier. The concrete used in thebessh had a
compressive strength of 36.2 MPa (5.25ksi) withsilenstrength assumed to be 2.82 MPa (0.111ksg,the

reinforcing bars had an yield strength of 333 M&& 3ksi).

As reported in experimefit the beam developed about five cracks in the regfopure flexure. After yielding
occurred in the tension rebars, the flexural defdrom developed in a ductile manner without muatréase of
the loading capacity. Finally the beam failed ifheaural mode without any apparent shear or bormdblem.

Similar FE model set-up as used in the simulatibhe RC slab is employed here, as depictdgigilO(b). The
steel bars are modelled by beam elements whileretnds modelled by solid elements. Concrete model
parameters are generated automatically for theMdBa2 (5.25ksi) class concrete. According to expenitale
observatiof* no apparent hardening stage existed in the sstesis+ relation of the steel bars thus the rebar is
assumed to be elasto-plastic in the numerical model

A mesh convergence study was conducted to ideatifpcceptable mesh size while maintaining a mamdgea
computational time, which is generally much londee to the test being quasi-static. Finally an agerelement
length of 6.35mm (1/4in) is chosen for the beamugation using both the KCC and CSC models.
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0 0.49 0.98 1.47 1.96
50 : ' ' [ 440
T 10 -
5 — L 330
<
5 30 z
§ / 220 %
E 20— Kce | =3
]
csc
g / L 110
.E 10 -’ exp. data—
0 : : : : 0
0 10 20 30 40 50

central deflection (mm)
Fig. 11 Comparison of central deflection — mid-spaoment curves

The predicted load (mid-span moment) vs. centréiedigon relationships using the two models are parad
with the experimental result rig. 11. It can be clearly observed that the results gdlyarepeat what have been
observed in the RC slab blast simulation showRim 7. For the particular RC beam herein with no shisdasl|
or stirrups, the KCC model tends to fail prematyngith an abrupt loss of the global resistance @gfection of
18mm (0.71in or approximately 1/150 of the net 3p@m the other hand, the CSC model appears tohnved

the experimental curve with a slightly higher sg#m It is noted that the experimental failure peias recorded
at around 42mm (1.65in).
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Central deflection = 4mm or 0.157in

Central deflection = 10mm or 0.394in

Central deflection = 16mm or 0.630in

Central deflection = 19mm or 0.749in

Central deflection = 50mm or 1.97in
Fig. 12 Damage pattern of RC beam under quasi<statid (left: KCC_1.97~2.00; right: CSC_0.35~1.0)

The development of the damage (crack) patternglatted deflection levels are shownFig. 12. The failure
pattern in the KCC model also suggests that thenatere and abrupt failure in this model is attrithlé to the
failure of concrete elements to which the rebamelets are attached in the high shear/anchoragerregi
(between the point load and the support), essgntedulting in the loss of the reinfrocement efféanalyguous
to the rebar being pulled out or sliding in the cmte). The CSC model also developed damage almng t
longitudinal rebar but the effect is not catastiopdnd the overall behaviour matches well the expent as
mentioned earlier.

(inch)
0 20 40 60
350 : : L 50
300 - J
R AYAVAYY. N [0
& 250
= \ N\
% 150 A&% 20
_g 100 1 d=10, KCC
- d=12, KCC . 10
50 +— d=16, KCC
d=18, KCC
0 T T ~ 0
0 500 1000 1500

position (mm)

Fig. 13 Axial stress distribution along the lengthrebar (d: mm, 1mm=3.94*1%n)
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Fig. 14 Principle strain in concrete elements cocted to rebar (d: mm, 1mm=3.94*Ti)

In a closer inspection at the failure process dfareand concrete interaction, the evolution of lagtaess
distribution in rebar, together with the princifgligain (tensile positive) in the concrete elemeotsnected to the
rebar at selected deflection levels are presentEdyi 13 and14, respectively. The correspondent strain limits at
which the KCC/CSC model would completely lose ttemsgth under uniaxial tension and compressioratse
shown as a benchmark. It can be seen from the maitteKCC that as early as a deflection of 4mm §Jih),
strain begins to increase drastically at the flakwrack 500mm (19.7in) from the mid-span. It imiagely
exceeds the strain limit and becomes stress-lesistesults essentially in the loss of stress tearnsétween the
concrete and the rebar at this point. This ren@ersaccelerated spread of “bond” failure in the shgman
towards the support. When the global response esat8mm (0.709in), almost the entire set of thea in
the shear span exceeds the total failure straiih &ind becomes “stress-less” in the KCC model.

Comparing to KCC model, the strain in the conciganected to the rebar develops considerably béhew
strain limit in CSC model, thus no significant cection failure takes place and the axial stresthénrebar
exhibits a consistent but globally increasing pattes the beam deflects.

Further examination of the concrete models in d-put setting

The issues with the interaction between rebar amdrete identified in the KCC models is further miaed in a
direct pull-out setting. The classical pull-outtsesonducted by Eligehausér’ are modelled.

The test specimen, which represented the confiagidm of a typical beam-column joint, was aroun@rgé by
180mm by 380mm (12in by 7in by 12in) and caste@®ylPa (1.18ksi) concrete. The size of longitudiediar
was Grade 60, #8 (25.4mm or 1in), with seconddrsugpis consisted of #4 (12.7mm or 0.5in) bars. Cnkhort
bond length of 5 times of rebar diameter was crkate the test specimen. Load was applied using a
displacement controlled procedure such that thedidbd development of slip was achieved. The ngtvehs
measured at the unloaded bar end.
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Fig. 15 Test speciméhand numerical model setup

For the present verification purpose, only the Bpen without stirrups is simulated. Considering sigenmetry,
one-quarter the specimen is modelled. Concretel@mgitudinal rebar are all simulated by solid eletse as
shown inFig. 15. In the numerical simulation load is also appledone end of the longitudinal rebar in a
displacement controlled manner. Due to the expbciheme used in the analysis, the rate of applieg
displacement was made sufficiently slow (10mm @eosad) to avoid any unwanted transient effect whilthe
same time avoid excessive computational time.
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Fig. 16 Comparison of global bond-slip relation

Fig. 16 shows a comparison of the simulated bond streasisturves using the KCC and CSC models,
respectively, in comparison with the experimentaive. Clearly, the KCC model exhibits again ovdrhttle
bond-shear behaviour and the specimen fails rattesply when the maximum bond stress was attaiTieid.
observation is consistent with the results from B@ slab and beam simulations presented in theiqarev
sections. It is noteworthy that the CSC model, a/iiiill withholds a reasonable trend in the ovebathaviour,
tends to overpredict significantly the bond stréngs well as the overall slip deformability. Thisgmomenon
with the CSC model that has not become apparethieiiRC slab and beam simulations, and it in fapbegs a
potential pithole of this particular model whertd@mes to situations involving tension or shear urdeonfined
(hydrostatitc pressure) stress conditions. A furttae on such behaviour of the CSC model will veig later.

PROPOSED MODIFICATION TO THE STANDARD KCC MODEL

General discussion of the modification strategy

The extensive analysis of the failure processabénsimulated results reveal that the global failur the RC
members with the KCC model tends to be prematurd,this phenomenon is deemed to be resulting from a
premature and complete loss of “bond” strengthhi ¢oncrete elements surrounding the rebar. Thagitee
failure of these concrete elements will equate ieltion of the reinforcement effect, leading to r@rpature
collapse of the RC member as if it was un-reinfdricethe late stage of the response.

The concrete elements surrounding the rebar arergiynin shear and tension dominated stress stduether or
not involving certain amount of hydrostatic pressufherefore it would be rational to seek rectifima by
prolonging the softening or descending phase ofthaéerial response under tension and avoiding thenal
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entering zero strength prematurely. The abilityntaintain a minimum level of resistance can be paldrly
important to KCC like models that adopt an isodagnagproach in which a concrete element failed cetapl
in tension would not possess any strength whesttiess condition is reverted to compression. Téjeet may
have played a certain role in the observed preraiabal failure in the RC slab and beam simulation

The above objective of achieving a more graduaksaig and avoiding early attainment of a zerorgjtle state
may be achieved via modification to the relevantamal model formulation. In the existing implemation of

the KCC model in LS-DYNA, however, such effect miag realised by modifying the damage accumulation
curve (they -1 curve) together with an adjustment of the plastiiain weighting factors.

Modifications to the softening parameters in KCCdab

As discussed earlier, in KCC model the damage auatation or softening rate are controlled by thé curve in
conjunction with the exponential factby andb, in a comprehensive manner. In particular,sthiecurve affects
directly the shape of softening curve, whereadahtorb; andb, control the rate of damage accumulation under
tension and compression respectively, based ordhnésalent plastic strain. In combination theseapaeters
give rise to a desired softening stress-strairtioglaand guarantee a certain fracture energy ldvshould be
noted that the determination of the fracture endogyconcrete is still a subject of continued stwahd for the
same type of concrete the variation range of taetfire energy could be rather significant. For te&son, in the
present proposal of modifying the softening behawiof the KCC model we do not confine ourselvesato
specific fracture energy; however the same modibcaapproach can still be applied as one wishesltfe
fracture energy to be kept constant for differexitesiing behaviours.

As demonstrated earlier, the defapt relation, which is basically a linear functionngeates a uniaxial stress-
strain curve with a very steep softening respomgkeuboth uniaxial tension and compression, witkear strain
(or deformation) limit beyond which the strengtHlwecome and remain zero. A more gradual accurouladf

the damage, and hence the more gradual softenidglelayed elimination or a minimum strength, may be
achieved by modifying the second branch ofitHefunction into an exponential form.

Based on above considerations, a set of the extiah&unctions with a different termination limitf ¢he Aax
values, as shown iRig. 17, are proposed to yield different degrees of gradatiening behaviours and retain a
certain level of residual strength at a certairtesohg strain range.

1
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\\ Amax=0.004
0.6 + Amax=0.002 |——
= \\\ original:
0.4

0:2 ] \\
N

0 0.002 0.004 0.006
A

Fig. 17 Modifiedy-4 curve

0

As also discussed earlier, in KCC model the sgnids used for both tension and compression regimed,
different softening features in compression anditanare controlled by the plastic strain accunioitetactorb,

and b, respectively. Now that the-A curve is modified with an explicit aim to achieaegradual softening in
tension but not so much in compression, as fah@gptoblems under the present investigation areezoed, the

b, factor, which takes effect when the stress comditicomes into the (hydrostatic) compression regimiik
need to be adjusted accordingly so as to comper(siajgress) the unwanted stretching of the softening
behaviour in the general compression region dukg@rolonged-1 curve.

Parameterisation of-A curve ando, factor

The responses of single element using modified Kadgtlel with different lambda limits, under variedatb
conditions, namely uniaxial tension and uniaxiamnpoession, are given iRig. 18. Inlcuded inFig. 18 is also

the behaviour of the element under a confined tensihich is identified to be a representativesstrgtate in the
concrete elements surrounding the rebar.
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Fig. 18 Influence of-4 curve on stress-strain curves (element size =r@f41mm=3.94*16in)

It can be immediately observed that the softenirgnth of the uniaxial tension is markedly affectsdthe
modification of thezn-4 function and softening becomes increasingly gradsathe limiting value ofay IS
increased, and this effect also holds in the twangdes of confined tension scenarios. However, astioned
in previous paragraph the effect from the modifiet curve carries over to affect the compressive sist®in
relationship as well, making the material unrematy ductile in compression as can be seen fraga 18(b).

The compressive plastic strain fachyris therefore adjusted to compensate the falldetefrom modifying the
n-A curve. It is also worth noting from the RC slaldl dream simulation experiences that the concretaesits
interfacing with the rebar are often in a “confihadnsion state with a positive (compressive) hgttc
pressure. In such cases the tension behaviouresketboncrete elements are effectively controlledhiayb,
factor rather tharb,, and this adds another layer of consideratiorh& ¢hoice of thdy; factor (or a similar
parameter in other damage-plasticity category odeig).

Take the modifiedy-4 curve withA,,,=0.004 as an example, a range of diffet@ft, values are examined and
results are plotted iRig. 19. Clearly (as obvious froaq.2), the influence ob; to the stress-strain response gets
larger when the hydrostatic pressure increases ttendtress-strain relation is rather sensitivéhtob; value

under uniaxial compression.

For the intended recommendation of using the expitale;-A curve withi,,,=0.004 and an adjustdg=1.2, the
corresponding behaviour of the resulting materiatiel under general confined compression is cheekeldthe
results are depicted iRig. 20. The comparison with the original KCC model ire tbonfined compression
region do not differ significantly, indicating théite recommended modifications for rectifying teadion/shear
softening behaviour would not introduce significaiute effect when it comes into general compressigime.
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SIMULATION OF THE RC BEAM AND SLAB RESPONSE USING THE MODIFIED KCC
M ODEL

The parameterisation proposed in previous sectamndmown to work well in rectifying the tensionisoing
behaviour while maintaining the original KCC belayi in general compression regimes. In this sectioa
modification to KCC model is further varified thrglu the numerical simulation of RC beam and slaparse
discussed earlier.

Fig. 21 shows the updated load-deflection response foiRiebeam using the modifiegl curve witha
being 0.004 whilé, is modified to 1.2. It can be observed that tmeutated response using the modified model
parameters improve drastically as compared to tiginal model and the predicted response now agrees
satisfactorily with the epxerimental result.

The modified KCC model is also employed to simuthe RC slab response to the blast load describedriier
section. The same modification to the. curve with,,,=0.004 and the seeting bf=1.2 is usedFig. 22(a)
shows the new deflection response time historiég Simulation results using the modified KCC moalghin
shows a characteristic improvement. The simulategimum deflection is 113.2mm (4.46in), which is yer
close to the measured 108.2mm (4.26in). From teade (crack) patterns presentedrig. 22(b), it can be
seen that with the modified KCC model the abnordahage along the rebar and in the shear span éizapp
The simulated crack distribution is similar to tledtained with the CSC model shownFig. 7, and both agree
favourably with the experimental observations.
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Fig. 22 Re-calculated RC slab response to bladll kasing modified KCC model

From the above analyses it can be generally estaddli that for a general damage-plasticity conareigerial
model like KCC to extend its satisfactory performainto applications where the response in theivels low
pressure regime may play an important role, an gpjate description of the softening behavioue in
shear/tension can be crucial. As far as the KCC ahdsl concerned, a modification to theil curve in
conjunction with adequate adjustment of the factor may suffice, and the recommended settinghef
parameters appear to work out fairly satisfactarlyhe cases under considerations. Of courseg thasameter
selections are not expected to be universally si@ifaand for specific applications an informed paeter
investigation would always be beneficial. Howevee general trends of the effects of modifying takevant
parameters are expected to hold.
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BRIEF DISCUSSION ON THE POTENTIALLY OVER-DUCTILE TENSILE BEHAVIOUR OF
CSC MODEL

Generally speaking the performance of the CSC nahtenodel in the simulation of the global bending
dominated RC slab and beam responses has beefadatis and no abnormal behaviour due to premature
failure of the material has been observed. Howettmme have been signs of overly ductile responsehe
material model as evidenced in the RC beam analgsis particularly in the pull-out simulation shownFig.

16. The result there tends to indicate that the ratertodel produces an extremely flat softening euirv the
bond-slip relation thus greatly overpredicts thetiity of concrete. This raises a question tha @SC model
may likely present a problem in the opposite dioecbf the KCC model.

The results from the single element tests undemiaxial stress condition, as presentedrig. 3, do not show
any apparent over-ductile problem with the CSC rhotleis suggests that the overly ductile behaviolthe
CSC model as evidenced in the RC beam and theoptulsimulation is not simply caused by an inadeguat
softening rate. Further examination reveals that globlem would arise when a certain level of presss
involved. This is elaborated in what follows.

In CSC model, in addition to the definition of thenfinement (pressure) dependent failure surfagegxdra
equation is introduced to factor down the maximuossgible damage level in the ductile or compressive
situations:

(13)

—\15
d.. = (&] for —”3‘]2 <1
max

Il
0999 otherwise

Iy

The non-dimensional term in parentheses is a sireggiant ratio that is made equal to 1 in uncoad
compression and less than 1 under confined comipresthis effect may be illustrated Fig. 23, and it is
activated only when the stress condition falls itite shadowed area. The power of 1.5 is set indéfault
model.

>-1

uniaxial tensio

<1
cyclic hydrc‘)static' cyclic hydrost'atic I,
compression compression

Fig. 23 Different stress paths and correspondemsstinvariant ratios

However in the case of confined tensidh< |, /,/3J, <1), the above CSC implementation of confinement

effect becomes problematic, which can be demomstiay a single element stress tests illustratdedgn24. As
can be observed, in the softening regime a fulipaged state can never be reached in the CSC éi¢neent is
under a hydrostatic pressure condition, even wittmall confinement of just 0.2 MPa. When the pressu
increases, the material becomes more ductile. Witbnfinement of 3MPa, the stress-strain resporserhes
extremely flat and the material acts almost likestd-plastic.

An examination of the stress paths illustratedrig. 24b shows that the stress starts to decrease thrdwgh t
original path once it meets the tensile meridiamywéver due to reduced maximum possible damage, lthe!

stress is always prevented from unloading acrogheaight side of the straight line bf= 1/3.]2 , thus the
strength is restrained and never deteriorateszEr@stress state. The persist existence of a mimistress state
may not be of a problem by itself; however, suclkcimamism of consideration of the confinement effectan
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extra reduction to the damage index can cause listreaver-ductile tensile response when an applée level
of pressure (e.g. 2~3 MPa) is present, which caotne problematic. Although a detailed investigatidrihe
CSC model is beyond the scope of the present pmegbove phenomenon is deemed to be worth notig
the general behaviour of the material model pragdse satisfactory in a flexure dominated resp@temario.
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Fig. 24 Behaviour of CSC material model under aoedi tension (LMPa=145psi)

CONCLUSIONS

Numerical simulation of reinforced concrete struetuunder impact and blast loadings requires thienmah
models to be able to accommodate a wide rangere$sststrain rate and deformation conditions. Altiio
extensive calibration and validation studies hagerbconducted for typical concrete material modelder a
variety of loading conditions, the performance alminands of the material models in a reinforced @ac
environment and under a global deformation domthagésponse regime is relatively less explored. gitesent
study examined the performance of KCC model in cangpn with the CSC model in the application of &b

and beams for impact and blast loading.

The simulation on the blast response of the RC déabonstrates that with the default KCC model thukated
response tends to fail prematurely due to a raysd bf the shear and tensile strength of congpargicularly in
the elements to which the reinforcing bars arechtd. Further simulation on an RC beam under ai-Gtaiic
loading shows a similar phenomenon. An examinatibthe model behaviour in a classical pull-outrsré
confirms that without a more gradual softening stdge premature failure mode due to loss of rebaciete
interactions tends to be inevitable.

Rectification of this model problem is then focusedrealising a more gradual softening (descendihgyse of
the tensile and shear behaviour, including in thed@tions where an appreciable hydrostatic pressure/olved.
The proposed modification includes a modified daenfgnction, i.e. the-1 curve, as well as an adjustment of
the plastic strain accumulation factioy of KCC model. With the proposed modification, tK€C model is
found to behave rather satisfactorily in modellthg RC slab and beam responses under blast andstjiis
load situations.

It should be noted that the proposed modificationke€C model is aimed at alleviating the brittlen@sghe
tension-softening regime, while keeping the modehaviour in other general stress conditions largely
unaffected. In this way the general validationld tnaterial model as observed in the literatutehsilds with

the modification. Certainly under a wider range lést and other loading conditions the effect oé th
modification will need to be checked more compreiesly and this is part of an extended investigatichich

is currently ongoing.

Generally speaking the CSC model behaves quitsfaetorily in the simulations of the response of RC
components dominated by global bending deformatiBosther examination of the model performance ats/e
that CSC model is inclined towards the oppositedion of KCC model in a tension or shear dominated
response regime, especially when a limited amotinbofining pressure is involved; in such condigdhtends

to be excessively ductile. The cause of this ababhenomenon is deemed to originate from the dise o
reduction of damage in a confined stress conditiauch a phenomenon has not been well calibratetiein
literature, and should be treated with care beforappropriate resolution is available.
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