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ABSTRACT

NONLINEAR FINITE ELEMENT ANALYSIS OF REINFORCED
CONCRETE STRUCTURES SUBJECTED TO IMPACT LOADS

Design of reinforced concrete structures againgeme loads, such as impact
and blast loads, is increasingly gaining importartdewever, due to the problem’s
complicated nature, there exists no commonly aeckptethodology or a design code
for the analysis and design of such structures umdgact loads. Therefore, engineers
and researchers commonly resort to the numeric#ttads, such as the finite element
method, and utilize different methods and techrsqfer the analysis and design.
Although each method has its advantages and distalyes, usually engineers and
researchers persist on their method of choice,outtlevaluating the performance of
other methods available. In addition, there is mmiBcant study in the literature
comparing the methods available that can guidestitgneers and researchers working
in the area. This study compares the performancwfe numerical methods for the
impact analysis and design with the help from ddatopact test results in the literature.
Computer programs VecTor2 and VecTor3 were seleftedonlinear finite element
methodology, which were based on the Modified Casgion Field Theory. Impact
tests conducted on reinforced concrete beams wedeled and analyzed using these
programs. Moreover, same beams were modeled alsg assingle degree of freedom
spring system method. The results obtained frorh bpproaches were compared with
each other and the test results, considering #tewmracy, computation time, and ease of

use.



OZET

DARBE YUKLERINE MARUZ KALAN BETONARME YAPILARIN
DOGRUSAL OLMAYAN SONLU ELEMANLAR YONTEMI iLE
ANAL izi

Betonarme yapilarin darbe ve patlama yukleri gibive yukseksiddetli yiklere
kargl tasarimi ginimuzde gittikce daha 6nem kazanakobiu haline gelmgtir. Ancak
problemin karmgkligindan 6tirt betonarme yapilarin bu tir yiklergiki@sarimi icin
genel kabul gormiibir yontem veya detayl bir teknik yonetmelik batnamaktadir.
Dolayisiyla, darbe yuklerine maruz kalan betonagmapilarin tasarim ve analizi icin
yaygin olarak sonlu elemanlar yontemi gibi sayigéhtemlere bgvurulmakta ve
birbirinden c¢ok farkli sonlu eleman metotlari vetdmarme modelleme teknikleri
kullaniimaktadir. Kullanilan her dsik yontemin avantajlari ve dezavantajlar
bulunmakla birlikte, bu konu Uzerinde galn aratirmaci ve muhendisler genellikle
analizlerini kendi sectikleri belli bir yontem iapmakta, farkli yontemleri denemeye
gerek duymamaktadir. Literatirde yaygin kullanfiarkli yontemlerin kapilastiriimasi
ve degerlendiriimesi ile ilgili bir calgma yoktur. Bu tezde, darbe yiklerine «ar
betonarme yapilarin analizi i¢cin yaygin olarak &aollan bazi sayisal yontemler
literatirde yer alan darbe testlegiginda kagilastirilarak birbirlerine kayi avantaj ve
dezavantajlari ortaya konulgtur. Dogrusal olmayan sonlu elemanlar yontemi olarak
Degistirilmi s Basing Alani Teorisi tabanh VecTor2 ve VecTor8gnamlari secilnyi ve
betonarme kigler Gizerinde yapilan darbe testleri bu programlartalellenmgtir. Ayni
kirisler bgka bir yontem olarak tek serbestlik dereceli yay&arak modellenngi ve
analizleri yapilmgtir. Elde edilen sonuclar birbirleriyle ve test sglariyla
karsilastiriimis, kullanilan yontemler sonuclarin grolugu, ¢6zim siresi ve kullanim

kolayliklari bakimindan derlendirilmislerdir.
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CHAPTER 1

INTRODUCTION

Extreme loading conditions, like impact loads, laseds that occur at a high rate
of speed and can transfer a large amount of enetg\a structure over a short period of
time, causing extreme local deformations and dan@gestructure. Structures can be
exposed to extreme loads in their lifetimes. Famegle, military, offshore, and nuclear
power structures are susceptible to extreme l|obldsnerous studies on reinforced
concrete (RC) structures subjected to impact |dzalge been carried out by many
researchers.

The analysis of RC structures subjected to impzentid can be made in several
ways. However, it is difficult to name one commoalscepted method. The choice of
method is dependent on the type, geometry or theined information about the
structure’s behavior. Generally, in common buildindinear analysis is used in
modeling of structure. For taking into nonlineathéeior of materials, principles of
solid mechanics are adapted to the analysis oftR(€tares. Mostly nonlinear analysis
is used for: 1) Performance assessment of prewiduslt structures due to situations
that was not accounted for in design and constmgct?) evaluating the effects of
changes in design codes, 3) Design of unique nawtstes, 4) Analysis of structures
showing distress or deterioration, 5) Determinirggponse at service load levels,
ultimate capacity and failure mode.

In this study, an advanced method of reinforcedcaste analysis is applied to
the case of impact loads. The Modified Compressimid Theory (MCFT) (Vecchio
and Collins 1986) was chosen as the main methogokigce this method was proven
to perform well in cases of shear dominant behawdrich is the main mechanism
developed in RC structures under impact loads. flasticity based five-parameter
Willam-Warnke (Willam and Warnke 1975) is also expld for possible use. Both
methods have been applied to static analysis ofaeied concrete beams as well. The
main purpose of this study is to apply these methadcstatic analysis to the analysis of
dynamic loads and to demonstrate an efficient @hdhie tool for impact analysis of

reinforced concrete. A two-dimensional nonlineanité element reinforced concrete



analysis program called VecTor2, a three-dimensiomanlinear finite element
reinforced concrete analysis program called VecTam8 a three-dimensional finite
element program called ANSYS is used for analylsisaddition, simple mass-spring
models were also established and explored. Teptstesl in the literature carried on
shear-critical beams were modeled using these mgtsince modeling shear behavior
is a challenging issue in reinforced concrete.

Chapter 2 documents the methodologies are usechdysélected computer
programs. The models used for the analysis of w&leinpact tests and calculated
behavior of RC structures subjected to impact l@adsdescribed in Chapter 3. Chapter
4 presents the models using mass-spring models.



CHAPTER 2

NONLINEAR FINITE ELEMENT MODELING OF
REINFORCED CONCRETE

2.1. Introduction

Structures can be idealized as being composednité felements. The force-
displacement relation of an individual element ¢enderived from the constitutive
modeling of materials in the element concerned,taedverall structural behavior can
be computed by solving equilibrium and deformatlac@mpatibility among elements.
Therefore, the accuracy of structural analysis igabdepends on the constitutive
modeling defined in each finite element domain. deneral, the finite element
discretization and the selection of constitutivedelong are performed so that the sizes
of elements and the control volume for the modektmeonsistency requirements
(Belytschko et al. 2000).

The main purpose of this study was evaluating tmerical methods available
for predicting the behavior of reinforced concré®C) structures subjected to impact
loads. In this section, the methods chosen for évigluation are described and the
software used are introduced. Additionally, statmalysis of RC beams are performed
using these software, results of which are usett bwmttest the performances of the
methods and to use later in the spring models sxited in Chapter 4.

ANSYS was one of the finite element software usedhis study (ANSYS
2009). It is commercial software with three-dimemsil analysis capabilities, delivering
innovative, dramatic simulation technology advanoesvery major physics discipline,
along with improvements in computing speed and eoéments to enabling
technologies such as geometry handling, meshingpasttprocessing. ANSYS was
chosen in this study because of its popularity eegghbilities in the plasticity analysis
of concrete. The method used in ANSYS for RC amslygsas a five-parameter
plasticity based model developed by Willam-Warnkallam and Warnke 1975).

VecTor2 (VT2) is another finite element programizéid in this study (Vecchio
and Wong 2002). It is a two-dimensional finite e@rprogram, used to analyze RC

structures in plane stress conditions under varigpss of loads including static, cyclic,
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dynamic and thermal loads. The program is basethe@Modified Compression Field
Theory (MCFT) formulations (Vecchio and Collins B)8which was developed as a
rational method for determining the shear behawioRC structures. Over the years,
MCFT proved its performance through numerous stjdied it was chosen in this
study to compare its capabilities under impact soadth the alternative plasticity
formulations. VecTor3 (VT3) is the three-dimensionaunterpart of VT2, similarly
based on MCFT formulations. VT3 is also used irs ttudy to observe if the same
methodology (e.g. MCFT) formulated for two- andewdimensional finite element
models show any significant difference on the penince under impact loads.

This chapter documents the methodologies used bystiected computer
programs. Static analyses of RC beams using theggams are also included in this
chapter. Section 2.2 gives the details of the fimeameter RC model Willam-Warnke,
used by ANSYS. Section 2.3 gives the details of Madified Compression Field
Theory (MCFT) employed by VT2 and VT3. Section Béscribes the finite element
models used for the static analysis of RC beamspagsknts results as compared with

the actual test results.
2.2. Plasticity Method

The plasticity based five-parameter Willam-Warn®élam and Warnke 1975)
model is explained in this section as used for ¢bacrete element (SOLID65) in
ANSYS (ANSYS 2009).

Failure criteria typically assume concrete to betrigic (Chen 1982). Both
cracking and crushing failure modes are accounted The criterion for failure of

concrete due to a multiaxial stress state can peesged in the form,

F
—_-5>0 (2.1)

c

where;

F : a function (to be discussed) of the principetss statestp, oyp, o2p)

S : failure surface (to be discussed) expressecanmg of principal stresses and five
input parameters, f., fo,, f1 andf, defined in Table 2.1.



fc: uniaxial crushing strength
Oxp: Oyps Ozp- Principal stresses in principal directions

If Equation 2.1 is satisfied, the material wilack or crush. A total of five input
strength parameters are needed to define the dagurface as well as an ambient

hydrostatic stress state. These are presentecie Zdl.

Table 2.1. Concrete material table

Label Description
fi Ultimate uniaxial tensile strength
fe Ultimate uniaxial compressive strength
feb Ultimate biaxial compressive strength
oy Ambient hydrostatic stress state
Ultimate compressive strength for a state of biaxia
f compression superimposed on hydrostatic stressagtat
f Ultimate compressive strength for a state of uilaxi
2

compression superimposed on hydrostatic stressagtat

The failure surface can be specified with a minimofntwo constantsf; andf..
The other three constants are calculated in thdakWilWarnke model by default as

follows;

fer = 1.2f; (2.2)
fi = 1.45f. (2.3)
f, = 1.725f. (2.4)

However, these default values are valid only faest states where the

following condition is satisfied;
|on | < V3F, (2.5)

where;

on IS the hydrostatic stress expressed as,



On =3 (axp + oyp + azp) (2.6)

O-Xp
fe Octahedral Plane

Figure 2.1. 3-D failure surface in principal strepsice
(Source: ANSYS 2009)

Thus, the condition in Equation 2.5 applies to ssrsituations with a low
hydrostatic stress component. All five failure paeters should be specified when a
large hydrostatic stress component is expectemhnflition Equation 2.5 is not satisfied
and the default values shown in Equation 2.2 thlEquation 2.4 are assumed, the
strength of the concrete material may be incoryemthluated.

When the crushing capability is suppressed wgth -1.0, the material cracks
whenever a principal stress component excéeds

Both the functiorF and the failure surfac®are expressed in terms of principal

stresses denoted &s g-, andos where;

0, = max(axp, Oyps azp) (2.7)

03 = min(axp, Typs azp) (2.8)

ando; = 0, = g3 .The failure of concrete is categorized into fdomains:
1. 0> gy = g, = 03 (Compression - compression - compression)
2. 0, =20 = 0, = 03 (tensile - compression - compression)

3. 01 =0, =20 > g5 (tensile - tensile - compression)

4

. 01 = 0y =03 = 0 (tensile - tensile - tensile)



In each domain, independent functions desckhband the failure surfac§,
which is shown in Figure 2.1 andFigure 2.2, foredidimensional and biaxial stress
states, respectively. These functions are discussatkbtail in Willam and Warnke
(1975).
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Oz > 0 (Cracking or Crushing)
Oz = 0 (Crushing)
Oz < 0 (Crushing)

Figure 2.2. Failure surface in principal strescepaith nearly biaxial stress
(Source: ANSYS 2009)

2.3. Modified Compression Field Theory

VecTor2 (VT2) is a two-dimensional finite elementogram, based on the
Modified Compression Field Theory (MCFT) formulats(Vecchio and Collins 1986),
whereas VecTor3 (VT3) is the three-dimensional ¢egpart of VT2. In this section,
MCFT is explained in two-dimensional form. Detdis the three-dimensional version
can be found in Selby (1993).

MCFT follows a rotating smeared-crack approach roodeling reinforced
concrete. The membrane element shown in Figuresgrbolizes a small part of the

reinforced concrete structure considered as a ptaress problem that has uniform
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thickness. The element contains reinforcement ith tkangitudinal &) and transverse
(y) axes. Uniform axiald) and sheary) stresses are applied on the element, whése

the reinforcement ratidy is yield stress, ans is elastic modulus of reinforcement.

Yy
A o,
A
Txy
r Txy
o i > 0%
p X
, Ty, Es
v px, fyx, E’s 'Oy ”

Figure 2.3. Reinforced concrete membrane elemdajesito in-plane stresses

2.3.1. Assumptions

The MCFT accepts the following assumptions for ftherivation of the
formulations for a single membrane element;
1. Reinforcement is uniformly distributed within elente
Cracking is uniformly distributed within elementr(gared crack).
Stresses are uniformly applied.
Perfect bond exists between the reinforcement lamdancrete.

Cracks rotate (rotating crack approach).

o 0 kw0 N

Stress-strain history has no effect.



2.3.2. Compatibility Conditions

6 \

Figure 2.4. Avarage strains in cracked element

In line with the assumptions listed in the previgastion, the deformation of the
reinforcement must be compatible with the defororatf concrete as represented in

Figure 2.4 . In this case,

Esx = Ecx = &g ANd &g, = €.y = &, (2.9)

where;

&x &y total strains in the membrane element, measuién avgauge length passing
several cracks

Ecx Ecy,. AVErage strains in concrete

Esx Esy- average strains in reinforcement

Note that in Figure 2.4;; ande; represent the average strains in principal dirastio
taken as perpendicular and parallel to the craelspectively.

If the three strain components, &, andy. are known, the strains in any
direction can be found from geometry (Figure 2Ajter the deformation of the
membrane element shown in Figure 2.5 the relati@teeen principal strains ande;

, Strainsex andey, and principal strain directiof. can be found from Mohr’s circle of

strain as shown in Figure 2.6;



-
|

Figure 2.5. Deformation of membrane element

&t € 1
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Figure 2.6. Mohr's circle for average strains
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2.3.3. Equilibrium Conditions

The external forces applied to the reinforced cetecelement are resisted by the
stresses in concrete and the reinforcement. Acegrth free-body diagram shown in

Figure 2.7, the following equilibrium relations che derived;

fox = fe1 — tatzyec (2.12)
fey = fer — Vexytan 26, (2.13)
Ox = fox + Pxfox (2.14)

= foy + Pyfsy (2.15)

where;
fou foy - stress in concrete i andy-directions
Vexy: Shear stress

fe1, T2 & stress in concrete in principal 1- and 2-dir@acsi

y
A
Oy
A
\\ “\&
e RO NN
LR
Ty N \E» ! ! o
L

Figure 2.7. Free-body diagram of part of element
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2.3.4. Constitutive Relations

Constitutive relationships are required to conreatrage stresses to average
strains for both the reinforcement and the concré@igese relations may deviate
considerably from the usual local stress-localistralations determined from standard
materials tests.

The principal compressive stress in concifigtds a function of the principle
compressive straig; and tensile straig.;. The relationship as suggested by (Vecchio
and Collins 1986) is;

€2 €2 ’
fe2 = feomax [2 (g) - <¥> ] (2.16)

where & is the strain at the peak stress obtained fromstahedard cylinder test, and

feomaxiS expressed as;

_fc’

Jeamax = 0.8 — 0.348L
&o

(2.17)

wheref; is the peak compressive stress obtained from radatd cylinder test. The
relation in Equation 2.16 would yield the sameisted the peak stress as obtained from
a standard cylinder test. An alternative relatigmsthere the reduction of the strain at

the peak stress is considered can be expressedesfibct tae.q/ & ratio as:

_ €c2 €c2 :
fe2 = Ip |2 ol Al e (2.18)
p p

where,

fp = Bafe & = Bago (2.19)

<1.0 (2.20)
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Figure 2.8. Mohr's circle of average concrete s&es

With regards to concrete in tension, the constutelationship relates the
principal tensile stresd¢;, to the principal tensile straimg;. It is first necessary to
determine the uniaxial cracking strength, and corresponding cracking straig, In

the absence of information, they may be estimasddlbows:

fCl = ECgcl fOI’ O < ECl < ECT (222)
where
2 A
g =2 (2.23)
€o
fi =0.33{f/ (2.24)
= —t’ (2.25)
cr EC "

13



After cracking, stresses induced in concrete essalt of tension stiffening can
be calculated as;

fn = 2
c1 1+ Ct&€c1

€1 > Ecr (2.26)
For reinforcing steel, the following constitutivelations can be used if strain

hardening is neglected.

fox = Esésy < fyx (2.27)
f;y = ESESy < fyy (2.28)

where fy, and f,, are the yield strength of reinforcement xn and y-directions,

respectively.
2.3.5. Consideration of Local Conditions

Given a compatible average strain condition, tHaticmships presented in the
proceeding section can determine the average str@sshe concrete and reinforcement
in equilibrium with the applied shear and normalesses. However, it would be
unconservative to ignore the possibility that thereent response is governed by local
yielding of the reinforcement at the crack or siglishear failure along a crack. To
address these possibilities, the MCFT limits thealostresses at the crack and the
average concrete tensile stress transmitted aarosck.

Stresses fields in reinforced concrete vary from dlierage condition between
cracks to the local condition at the crack. Conskdgure 2.9, which shows the average
stresses at a section between cracks perpenditwmldhe principal tensile stress
direction, and Figure 2.10, which shows the lodetsses at the free surface of the
crack.

At a free surface of a crack, the average conceetsile stresses reduce virtually
to zero. To transfer the average tensile stresssadhe crack, the reinforcement stress
and strain must increase locally at the crackiSeajuivalency of the average and local

stresses in the direction normal to the crack serfasults in the following equations;
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Escrx = Esx T Aglcrcoszenxf:s‘x = Egegy < fyx (2.29)

gscry = fsy + Aglcrcoszeny (2'30)
f:s‘crx = ESESCTx < fyx (2'31)
f:s'cry = Esgscry = fyy (2.32)

for = pilferi = fi)c0S Oy (2.33)
i=x,y

where;

fserx - lOCal stress at a crack of reinforcement partdi¢he x-direction

fsery - lOCal stress at a crack of reinforcement pdredi¢he y-direction

0, - angles between the normal to the crack andeiméorcement in the x-direction

0,y . angles between the normal to the crack andeiinéorcement in the y-direction

Ox

fsx
p X

Figure 2.9. Average stress between crack

Since it is a principal plane, shear stresses laserd from the section in Figure
2.10. However, as the reinforcement generally @®$ise crack at a skewed angle, local
sheamyg;, are present on the crack surface as shown ind-d0. Static equivalency of
average and local stresses in the direction tarajeotthe crack determines the local

shear stresses as follows:

15



. Jr
Uei = Z Pi(fscri — f5i)€0SOy;.5IN0y; < Veimax = #
i=xy 031 + a + 16
where;

v, . local concrete shear at a crack
0, : angles between the normal to the crack andeiinéorcement
w : average crack width

a . maximum aggregate size

y
fscry
A
N
AN
AN
AN
o N ~ W1
X X
AN
Txy h ~
AN
2 1 = fserx
AN > X
ot |
\j
Oy

Figure 2.10. Local stresses at crack free surface

(2.34)

The average crack width, is the product of principle concrete tensileistand

the average crack spacing perpendicular to th&kcsasuch as:

w = 86159

where

1

S =
= cos@ sinb

Smx Smy

(2.35)

(2.36)
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If either the maximum permitted average concretesite stress or local shear
stress at a crack is exceeded, then the stramdttite element is modified to result in a

lower average concrete tensile stress.
2.3.6. Finite Element Implementation

Displacement-based finite element methods for sirat analysis result in a
system of equations relating unknown nodal dispremds to forces through the
structure stiffness matrix. MCFT formulations dexdvfor a single membrane element
can be implemented into a finite element schemed¢hie and Wong 2002), as realized
in VT2. VT2's algorithm for nonlinear finite elemeanalysis is summarized by the
flow chart given in Figure 2.11. The following dission describes the details of some
of these steps.

In general, at any point within the reinforced ocmte continuum, the total
strains, [e] = [é&x & &]T, are related to stres$g], by the composite material

stiffness matrix[D], as follows;
[0] = [D]le] (2.37)
The composite material stiffness matrix is the sointhe concrete material

matrix, [D.], and the reinforcement component material stinestrices[D;], such

as;

D] = [Dc] + ) D], (2.38)

As the MCFT model reinforced concrete as an ortdpdtr material in the
principal stress directions, it is necessary toniadate the concrete material stiffness
matrix, [D.]’, relative to these directions. If it is assumedt tthe Poisson's effect is

negligible, theD.]" is computed as follows;
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Input analysis control data

(2.39)
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Figure 2.11. VT2 nonlinear finite element analysigorithm
(Source: Vecchio and Wong 2002)

18



Figure 2.12. Definition of secant moduli for (a)hcoete (b) reinforcement

The secant modulk,,, E,,, G., as shown in Figure 2.12 are computed from
current values of the principal stressgsg,andf,,, and the corresponding principal net

concrete straing,, ande.,, as follows;

E.= & (2.40)
€1
= fcz
E.,=— (2.41)
c2 Ec
G, = Lo fa (2.42)
¢ Ecl + Ecz

Similarly, material stiffness matricd®,];" for each reinforcement component
must first be determined relative to their longihad axes. As the reinforcement is

assumed only to resist uniaxial stres$Bs];’ is computed as follows;

[Ds]i, =

E;, 0 0
0 00 (2.43)
0

where p; is the reinforcement ratio of the reinforcemenmponent. The secant
modulusE,;, as shown in Figure 2.12b, is computed from itsent value of stresg;;

and the corresponding strain; as follows;
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_ fsi ,
Eg; :i[Ds]i =

N

E; 00
0 0 0 (2.44)
0

The material stiffness matricd®).]’ and[D;];’, are then transformed from their

respective principal axes to the x, y axes by mednise transformation matriX7], as

follows;
[Dcli = [Te]i" DT (2.45)
[Ds); = [Ts;" [Ds)i[Ts ] (2.46)
cos?y sin?1 cosy.siny
[T] = sin?y cos?y —cos.siny (2.47)

—2cos.siny 2cosy.siny  (cos?yP — sin?y)

For the concrete, the angjeis the inclination of the principal tensile stresss,
0, with respect to the positive x-axis. For the f@icement, the anglg Figure 2.13 is
the orientationg;, of each reinforcement component, with respettégositive x-axis.

»
|

\
é‘\
c

» X

Figure 2.13. Angles in cracked element

The finite element implementation can be expandaddlude dynamic analysis
through inclusion of the mass and stiffness madraned adaptation of a time integration

scheme. Details of the dynamic algorithm can badon Saatci and Vecchio (2009).
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2.4. Static Analysis of Reinforced Concrete Beams

As will be explained in the following chapters, tims study, results of several
impact tests performed on RC beams were used faluatng the performance of
nonlinear finite element methods in predicting ittng@act response of RC structures. In
this section, static analyses of the specimeng lased for impact modeling are
presented. These static analyses are intendedefting the performance of the
evaluated methods under static loads.

The static analyses presented in this section si@uhe tests carried out by
Saatci (2007) on RC beams. In Saatci’'s study, t@ebam specimens used for the
impact tests were duplicated and tested under maruatly increasing loads at the
mid-span to determine their static behavior. I8 #action, these static tests are modeled
with the different analysis methods as describegréteding sections, and the analyses

results are compared with the test results to etaltheir performance.

2.4.1. Test Specimens for Static Analysis

410

,250, 940 7 3000 ) 940 ,

Figure 2.14. Specimen Dimensions

The test specimens used for the static analysee dugplicates of the impact
specimens cast by Saatci (2007). These tests wei@med after the completion of the
impact test program. The test specimens construmbeldmodeled were four simply
supported RC beams with identical longitudinal f@icement and varying shear
reinforcement. The dimension of the test specimeae 410 mm in height and 250
mm in width and 4880 mm in length. The specimensewtested under simply
supported conditions with a shear span of 1500 meawing 940 mm at each end
(Figure 2.14).

The beams were reinforced with symmetric longitatneinforcement in height

such that it would have equal moment capacity isitp@ and negative flexure. All
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beams had the same amount of longitudinal reinfoecg: two No.30 (area = 700 rAm

steel bars placed with 38 mm clear cover at théobotand top of the beam. Shear

reinforcement was varied between the beams asaihagef mechanism under impact

loading was suggested to be shear critical, tHosveldg a better understanding of how

shear reinforcing affects the failure behavior. Tber levels of shear reinforcement

include no shear reinforcing steel, 0.1% sheafostement, 0.2% shear reinforcement,

and 0.3% shear reinforcement as shown in TableThe.type of shear reinforcement

used in these tests were D8 reinforcing bar (arB& mnf) whereas in impact tests, D6

reinforcing bars (area = 40 mMjmwere used. But the spacing of shear reinforcement

remained same between the two tests. This disccgpanshear reinforcement should

only affect the outcome of MS1, since MSO has neashieinforcement and MS2 and

MS3 will be moment critical beams.

d =357 mm
Pp=1.6%

410

w*v
My
g [ 2-No. 30

o~
N~
[4p) D-8
o ] @ 2-No. 30
My

3 174 3

, 250

L
7 7

Figure 2.15. Specimen cross-section

Another variable in the testing relates to the twhéesting in relation to casting

of concrete. These tests, all four specimens wast at the same time, and tested as

soon as the compressive strength was within thanestjrange.

Table 2.2. Transverse reinforcement ratios andugtspacing for beams

Speci Transverse Reinforcement Stirrup Spacing
pecimen
Ratio (mm)
MSO 0.0% -
MS1 0.1% 300
MS2 0.2% 150
MS3 0.3% 100
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Compressive strength values to be used in analysie obtained by testing
cylinders that cured beside the formwork providmetatively similar in situ strength
values. The concrete compressive strength of tlenbeat testing was approximately
50MPa. The material properties of reinforcemengsgaven in Table 2.3.

All specimens were subjected to monotonically iasmeg loads at the mid-span,
and the applied load and mid-span deflection weeasured and recorded during the

tests.
Table 2.3. Transverse reinforcement ratios andugtspacing for beams
Area Yield Yield Ultimate | Young's . . E
e Strain Stress | Strength | Modulus Xlsg.g 10° le‘,“a
x10° MPa MPa MPa
No.30| 700 2.5 468 685 200000 12.5 80 3200
D-8 55 4.9 572 623 195000 5 50 1404

2.4.2. Plasticity Analysis of Saatci Beams using AY'S

ANSYS (2009) was used to carry out the plasticitglgsis of the beams using
Willam-Warnke model (Willam and Warnke 1975). In 8MS model, a total of 1000
brick elements were used to represent concretesapport plates, and 248 truss bar
elements were used to model longitudinal steefoetement. The mesh included 2162
nodes. Taking advantage of the symmetric load apgat conditions, only half of the
beams were modeled. All nodes at centerline obtam were restrained against in the
x-direction displacements (Figure 2.18).

The 120 mm wide steel bearing plate at the supgadtthe 160 mm wide steel
bearing plate at applied load area were modeled foiir elements. SOLID45 element
type in ANSYS library was used for modeling of sagpplates. Material properties for
steel were chosen as linear isotropic with elagtitiodulus of 2x1®MPa and Poisson's
ratio of 0.20.

A total of 992 brick elements were used to model¢bncrete. The dimensions
of the elements were varied in the model to accodat® the nodal locations in
accordance with the locations of the truss barsresgmting the longitudinal

reinforcements and the elements representing iygosuplates. The SOLID65 element
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type was used for modeling of concrete with andheut smeared transver
reinforcement. This solid element was capable atling in tension and crushing
compression. For linear isopic part, material properties were chosen as 34° MPa
for elasticity modulus, and 0.15 for Poisson'sorattoncrete crushing strength w
specified as 49 MPa and cracking stress was spécds 2.3 MPa. Other concr

material parameters were lefith ANSYS defaults.

70C

60C /
50C

3 |
4 40C I
&n 30C I
20C I
10C
O T T T 1
0 0.01 0.02 0.03 0.04

Strain

Figure2.16. Stress-strain relations for steel

A total 248 truss bar elements were used to modegitudinal stee
reinforcement. LINK8 was a spar element which usedteel reinforcemerMaterial
properties werechosen as linear isotropic elasticity modulus 10° MPa, and
Poisson's ratio 0.15. €hstres-strain relation for steel was described aFigure 2.16
as found from steel coupon tests. Shear reinforogménere present, were introduc
as smeared mforcement with specified volumetric ratio in coete SOLID6E

elements.

Figure 2.17. Finite element model in 3D
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The finite element model used in analyses is ptesein Figure 2.17 and 2.18.
The static load was modeled as increasing displantsrat the arrow shown in Figure

2.18. The default nonlinear analysis options weseduin analyses.

Predicted Response of MS0 using ANSYS

The predicted response of MSO was found to beivelgtsimilar to the actual
response viewed in the test. ANSYS modeled thenbabe slightly stiffer than the
actual response, but the peak load and crack papedicted were similar to the
observed values. The main variation in behavioiween the predicted and the
observed results can be viewed after the peak Wweedreached, where ANSYS found
that the beam lost its entire capacity as soom@apeak load was reached, whereas the
actual beam sustained some load (Figure 2.19).

250
~200
Z
X
3 150
o
L
& )
S 100 -
g /
(O]
[ad

50 | ANSYS H

—TEST
O T T T
0 1 2 3 4 5 6 7 8

Displacement (mm)

Figure 2.19. Reaction force - mid span displacerente for MSO

Predicted Response of MS1 using ANSYS

The predicted response of MS1 was found to be a@ind the actual response
viewed in the test. ANSYS modeled the beam to llghtyy stiffer than the actual
response, but the load reached a peak and majkscdeveloped earlier than the test
values. The predicted crack development is apprataiy flexure cracking at mid span,
but formation and propagation of shear cracks ezl as the beam approached the
ultimate load. ANSYS found the beam would sustaitarger force but fail at a

displacement much smaller than actually observegli(€ 2.20).
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Figure 2.20. Reaction force - mid span displaceroente for MS1

Predicted Response of MS2 using ANSYS

Up to the yielding of longitudinal reinforcemertgtpredicted response of MS2
was found to be very similar to the actual respaisserved in the test. The yielding
point was estimated well. However, the ductility tiie beam was severely

underestimated. In the model, the beam failedla hfter yielding (Figure 2.21).
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Figure 2.21. Reaction force - mid span displacermente for MS2
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Predicted Response of MS3 using ANSYS

Similar to the analysis of MS2, ANSYS predicted théial stiffness of the
beam and the displacement and the force at the ¢imengitudinal reinforcement
yielding well. However, the ductility was severelynderestimated. ANSYS model

failed to converge a solution when the applied ldisgment kept increasing (Figure
2.22).
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Figure 2.22. Reaction force - mid span displacermente for MS3

2.4.3. Compression Field Theory Analysis of SaatBieams using
VecTor2

The mesh chosen for VT2 model was similar to the simown in Figure 2.18,
except that VT2 model is two-dimensional planessti@mesh. The results presented here
were adopted from Saatci (2007). The model propbgedalermo and Vecchio (2002)
was used to model the hysteretic response of cendké other material and behavioral
models used for concrete were the default modelgTdf, which are summarized in
Table 2.4. All the material and behavioral modedsdifor steel reinforcement were the
default models of VT2, as summarized in Table Ré&ails on the formulations of these
models can be found in Vecchio and Wong (2002).
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Table 2.4. Material and behavioral models useadoicrete

Material Property

Material Model

Concrete Compression Base Curve

Popovics (NSC)

Concrete Compression Post-Peak

Modified Park-Kent

Concrete Compression Softening

Vecchio 1992-A

Concrete Tension Stiffening
Concrete Tension Softening
Concrete Tension Splitting
Concrete Confinement Strength
Concrete Dilatation
Concrete Cracking Criterion
Concrete Crack Width Check
Concrete Hysteresis
Slip Distortion

Modified Bentz
Linear
Not Considered
Kupfer / Richart
Variable - Kupfer
Mohr-Coulomb (Stress)
Crack Limit (Agg/5)
NL w/ Decay (Palermo)
Vecchio-Lai

Table 2.5. Material and behavioral models useateel reinforcement

Material Property Material Model

Seckin Model
Tassios (Crack Slip)
Asatsu Model

Steel Hysteresis
Rebar Dowel Action
Rebar Buckling

The force-mid-span displacement results obtainexn frthe analyses are
presented in Figure 2.26 to Figure 2.29. As seehdrfigures, in all analyses, the initial
stiffnesses were somewhat overestimated. Howewsk forces were estimated with
greater accuracy. The ductility of MS2 and MS3 wesemated well.
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Figure 2.23. Reaction force - mid span displacerente for MSO
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Figure 2.26. Reaction force - mid span displacermente for MS3
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2.4.4. Comparison of the Results of Static Analysf Saatci Beams

The analyses results obtained using two differegthods can be compared. The
following figures present the comparisons of midssmlisplacements, as observed in
the tests and computed with ANSYS and VT2. Peaglaliements are summarized in
Table 2.6.

As seen in the figures, ANSYS performed better wiith beam without any
stirrups. However, VT2 was able to simulate sometjpeak response, whereas
ANSYS model failed abruptly. For the beam withlditshear reinforcement, MS1,
ANSYS predicted a higher stiffness and lower ditgtilOn the other hand, as seen in
Figure 2.29 and Figure 2.30, VT2 performed mucheben predicting the ductility of
the beams. ANSYS appeared to fail predicting trspaase when extensive cracking
and damage occur. Such a behavior for the ANSYSawWiWarnke model was
reported in some other similar studies as (Fan20i). In general, ANSYS appears to
predict the behavior better when cracking is lishjter the failure becomes shortly after
the appearance of the first crack, such as the ica$4S0. However, VT2 is more
successful in predicting the response when extensiacking occurs and in the post-
peak region. ANSYS’s deficiencies can be attributecthe Willam-Warnke model
used, since this model reportedly performs bettestiy in cases of uniform stresses
(Course notes by Vecchio), and its simplistic meait of failed elements by
multiplying the stiffness of failed elements withvary small number. On the other

hand, VT2 has a better and more detailed appraatttetpost-cracking behavior.
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Figure 2.27. Comparison of observed and computgabreses, MSO
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Table 2.6.

Peak values as obtained from the testaaalyses

TEST RESULTS ANSYS VT2 RESULTS
7] 7] = 7] =

£ E = E | S| E E | S

Test| . E | 8 E_| 8 S | =8| .~ 8 $8| 8

X Qe S} X Qe S} | =06 |X%8¢E S} ~ | =85

c 8 L < 8 L £= oL |88 L £= S

) . ) © e |uwWg | @ © | ga | wg

a %3 a 3 ] 3 a %3 ] 3

s s = s =
MSO| 5.63 | 196.68] 5.82| 194.9 -3.41 0.89 9.30 239.80 1%5.-21.92
MS1| 13.46 | 297.00, 10.90 316.3 19.0 631  17)/5 317.281.84 | -6.80
MS2 | 76.38 | 385.68 26.10 311.0 65.8 19.36 21/00 347.850 | 9.82
MS3| 81.81 | 398.94] 2897 333.1 64.5 16.48 47)50 358.801.94 | 10.06
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CHAPTER 3

IMPACT MODELING USING IMPLICIT FINITE
ELEMENT METHODS

3.1. Introduction

In this chapter, falling-weight impact test resuttenducted on reinforced
concrete (RC) beams are compared with the fingeneht programs VecTor2 (VT2)
and VecTor3 (VT3) using the Modified Compressioel&iTheory (MCFT) (Vecchio
and Collins 1986). Shear-critical members were csetk since modeling the shear
behavior of RC structures presents a challengeaddition to the Saatci beams
mentioned in Section 2.4.1, impact tests condubteishi et al. (2002) on shear-
critical beams were also analyzed with VT2 to predhe behavior of RC beams
subjected to impact loads.

This chapter documents the finite element modelsduby the computer
programs and the predicted behavior of RC beamgael to impact loads. Section
3.2 gives details of test specimens of Saatci aistliikbeams. Section 3.3 gives details
of analysis of Saatci and Kishi beams with VT2, relas Section 3.4 gives details of

impact analysis of Saatci beams with VT3.

3.2. Test Specimens

3.2.1. Saatci Beams

The test specimens used in impact tests in Saatcitdy (2007) were similar to
the ones explained in Section 2.4.1. In impacstdsto different drop-weights (211 kg
and 600 kg) were used for the testing. The testisfns constructed and modeled were
eight simply supported reinforced concrete beamsh widentical longitudinal
reinforcement, and varying shear reinforcement. dineension of the test specimens
were 410 mm in height, 250 mm in width, and 4880 mriength. The specimens were
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tested under simply supported conditions with aaslspan of 1500 mm, leaving 940
mm at each end (Figure 2.14)

For impact test program, it was decided to have@ichte of each specimen in
order to investigate the effects of different impatrop-weights on undamaged
specimens. Therefore, the specimens were castuasp#ors; that is, with identical

geometry and reinforcement.

-~ oo™
o
d= 357 mm > e
o~
pP= 1.6 % g P D-6
ot 2-No. 30
AT mAV
3§ 174 3§
250

Figure 3.1. Specimen cross-section

Table 3.1. Transverse reinforcement rations amdiptspacing for beams

_ Transverse Stirrup Spacing
Specimen ) ]
Reinforcement Ratio (mm)
SS0a, SS0b 0.0% -
SSla, SS1b 0.1% 300
SS2a, SS2b 0.2% 150
SS3a, SS3b 0.3% 100

Table 3.2. Cylinder test results

28" day
Peak compressive

At the time of testing
Peak compressive Strain at

Strain at

stress, f. (MPa)

peak stress £)

stress, f. (MPa)

peak stress £o)

SS0a, SSOK 39.9 Not measured 50.1 2.32 X210
SS1ia, SS1H 34.9 1.83 x 10 44.7 2.36 x 10
SS2a, SS2i] 39.4 1.65 x 10 47.0 2.42x 19
SS3a, SS3l 37.6 1.70 x 19 46.7 2.51x10
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The specimens were reinforced with equal amounts laigitudinal
reinforcement such that they would have equal mdonoapacity in positive and
negative flexure. Therefore, these specimens teddme longitudinal reinforcement of
two No. 30M steel bars placed with 38 mm coverhat hottom and top of the beam.
The shear reinforcement was varied between the Heamee the failure mechanism
under impact loading was predicted to be sheaicafkitthus allowing a better
understanding of how shear reinforcing affectsftheire behavior. The four levels of
shear reinforcement include no shear reinforciegls0.1% shear reinforcement, 0.2%
shear reinforcement, and 0.3% shear reinforcengeshawn in Table 3.1. The type of
shear reinforcement used in this test was D6 regirfg bars.

Compressive strength values to be used in analysie obtained by testing
cylinders that cured beside the formwork providnetatively similar in situ strength

values. The material properties are given in T8l Table 3.3, and Table 3.4.

Table 3.3. Steel coupon test results

Area Nominal Yield Yield Ultimate Modulus of
(mm?) Diameter | Strain, g, Stress, § strength, f, Elasticity, Es
(mm) (x107) (MPa) (MPa) (MPa)
No.30| 700 29.9 2.38 464 630 195 000
D-6 | 38.71 7.0 3.18 605 652 190 250

Table 3.4. Material densities

Material Density
Concrete (SS3a, SS3b) 2425 kg/m
Concrete (SS2a, SS2b) 2420 kg/m
Concrete (SS1a, SS1b) 2473 kg/m
Concrete (SS0a, SS0b) 2437 kg/m
Steel (N0.30 bar) 5.3 kg/m
Steel (D-6 stirrup) 0.48 kg/stirrup

Two different drop-weights were used for the tegtia lighter weight of 211 kg
(beams identified as a-series) and a heavier wafB00 kg (beams identified as b-

series). The contact velocities of the drop-weigise 8 m/s.
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3.2.2. Kishi Beams

0N

150 mm 200 mm 1000, 1500, 2000 mm 200 mm
% V yya ﬁJI )7l "4

d 7 7

Figure 3.2. Specimen dimensions

+ % D13
o Diameter = 10.31 mm
B Area = 83.48 mm?
& D13, D19 rea==oe.
D19
oYX o/c/ =
4 Diameter = 12.47 mm

495 70 40 Area = 122.58 mm?

Figure 3.3. Specimen cross-section

The test specimens tested by Kishi et al. (200levsx simply supported
reinforced concrete beams with identical longitadlimeinforcement and no shear
reinforcement. The dimensions of the test specimete 250 mm in height, 150 mm
in width and varying lengths of 1000, 1500 and 26@@ (Figure 3.2). The shear-span
ratio a/d and static shear bending capacity ratiospan length, and main rebar's
diameter were varied as shown in Figure 3.3. Tatcstlesign values for all RC beams
are calculated according to Japanese code (JSCH).1RE€ beams used in the study
were designated using two variables: main reba&r pafA: 0.0182, B: 0.0080); and the
value of 10 times shear-span rattd (a: shear spangd: effective depth of cross
section). Static shear capacifyc and static bending capack®ysc.were calculated using
conventional prediction equations (JSCE 1996), thedstatic shear-bending capacity
ratio a was obtained by dividing/,sc by Puse The average concrete compressive
strength and yield strength of the main rebar veg@roximately 33 MPa and 393 MPa,

respectively.
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Table 3.5. List of static design values for specime

o —~
= = . o2z =
s | |f | & |5 _ |8.-| 5% 525
e | € | S| PE| 5E |582| 84| 3% | 2C
3 8| o8 | sE | 2E |e8%| 22| 85 | =€
=3 2 = = ST |88 23 S 9 3 >
0 g i 5 2 7°°| 8¢ gz | 2
= i hg | O% | E
2 o
A24 2.4 1000 | 210 | 70.8] 1653 043 13p
0.0182
A36 " 36 1500 | 210 | 70.8| 1104 o064 13f
A48 48 | 2000 | 210 | 708| 826 08§ 1.3}
B24 2.4 1000 | 210 | 70.8| 788 0.68 15
0.0080
B36 ® 36 1500 | 210 | 70.8| 525/ 1.08 13F
B48 48 | 2000 | 210 | 708| 394 137 13f

Each RC beam was simply supported and fixed otojgsand bottom surface at
point 200 mm inside the ends. A single impact load applied to the mid-span of the
RC beam by dropping a free-falling 300 kg steelgieiOne specimen of each kind of
RC beam was tested at 1 m/s impact velocity tostgate the elastic impact behavior.
The other specimens were tested at impact velaity/>1 m/s to investigate the

behavior of RC beams from the elastro-plastic negiothe ultimate state.

3.3. Impact Analysis of Reinforced Concrete Beamssing VecTor2

3.3.1. Impact Analysis of Saatci Beams using VecTar

In this section, the analysis carried out by Saatci Vecchio (2009) using VT2
are presented for comparison. For these analysiesalaof 1008 rectangular elements
were used to represent to concrete and suppodspland 124 truss bar elements were
used to model longitudinal steel reinforcement. Tresh included 1098 nodes. Taking
advantage of the symmetric load and support camdifi only half of a beam was
modeled. All nodes at centerline of the beam westrained against in the x-direction
(Figure 3.4).
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The 120 mm wide steel bearing plates at the suppogte modeled with four
elements placed at the top and bottom of suppantgorhe drop weight was modeled
using four rigid rectangular elements each 40x20 imrsize. The elements modeling
the drop-weight were connected to the specimernMeycbompression-only truss bars, so
that when the drop-weight bounced back, it will patl up on specimen. These truss
bars were also assigned very high stiffness prgserand they were connected to the
element representing the steel placed at the pbintpact (Figure 3.4).

A total of 992 rectangular elements were used talehdhe concrete. The
dimensions of the elements were varied in the mddehccommodate the nodal
locations in accordance with the locations of tlusg bars representing the longitudinal
reinforcements and the elements representing {h@osuplates.

The impact loads on the test specimens were sigtulay assigning the impact
velocity of the drop-weight to the nodal massesraggnting the drop-weight. The
following figures present the comparisons of midsspglisplacements, as observed and

computed with VecTor2. Peak displacements are suinathin Table 3.6.
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Figure 3.5. Comparison of observed and computgubrees, SS0a
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Figure 3.8. Comparison of observed and computgubrees, SS2a
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Table 3.6. Peak values as obtained from the ¢33 (first impact)

TEST RESULTS VT2 RESULTS

Test Max. Time at Max. Max. Time at Max. | Errorin

Displacement| Displacement| Displacement| Displacement| Max. Displ.

(mm) (ms) (mm) (ms) (%)

SS0a 9.32 10.83 10.02 8.50 -7.52
SSla 12.08 8.75 9.86 8.50 18.34]
SSib 39.55 16.25 34.63 14.50 12.43
SS2a 10.54 10.42 9.93 7.50 5.82
SS2b 37.86 16.25 36.06 14.00 4.77
SS3a 10.70 6.25 9.44 8.50 11.83
SS3b 35.29 15.83 34.93 14.50 1.04

As seen in the figures and in the table, VT2 pitediche impact response of the
beams well. Peak displacements were captured wegkmeral. However, discrepancies
in the post-peak vibrations, especially in the dampcharacteristics were also

observed.

3.3.2. Impact Analysis of Kishi Beams using VecTor2

Tests carried out by Kishi et al. (2001) are modeleth VT2. To observe the
suitability of the modeling techniques employedeash and flexural-critical specimens
were selected for modeling. Only the extreme cagge considered in this study. Thus,
the beams with the smallest and the largest spae sedected. Test showed that, the
beams subjected to 5 m/s impact load collapsedsimoa time and showed no elastro-
plastic deformation. Therefore, this study doesinolude the results of 5 m/s impact
load.

For all analyses, crack profiles calculated by \W@&Twere visualized by a post-
processor program called Augustus (Bentz 2003)culated and observed crack
profiles for test are compared. It should be ndted, as a result of MCFT’s rotating
crack approach (Vecchio and Collins 1986), the lcrdicection at a load stage is
determined by the principal axis of stress caleddbr that load stage. In other words,

the direction of cracks constantly changes, andu&tus does not sketch the crack
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directions of the preceding load stages in the wutpherefore, a calculated crack
profile does not reflect the cracking history oé tstructure, but, rather, relates only to
that particular load stage. For this reason, séVead stages need to be examined for a
complete analysis of the estimated crack patteroreblVver, the crack condition is
calculated for each concrete element, whereasrfioksin the specimen would develop
singly over a region. Hence, the calculated craickctons for individual elements
should be regarded as an estimate of the inclimatiad width of a typical crack over
that region. The crack profiles estimated at thgainstages of the response, negative
moment phase as discussed by (Saatci and Vecci), 24t the time the peak midspan
displacement occurred, and at the final restingestaf the specimen, are presented and
compared with the crack profiles obtained from tést results. Note that the crack
profiles observed after the tests relate to thalfiesting stage of the specimen. The
crack widths calculated by VecTor2 for the time whike peak midspan displacement
occurred are also presented to give an indicatiothe levels of predicted maximum

crack widths.

Model and Analysis of beam A24& B24

The beams A24 and B24 were the ones with the sstalpan tested by Kishi et
al. Both beams had a shear span of 500 mm. A2918d@2 longitudinal reinforcement
ratio, whereas B24 had 0.0080, and both beams stex@r-critical. For these analyses a
total of 318 rectangular elements were used toesgmt concrete and support plates,
and 27 truss bar elements were used to model latigal steel reinforcement. The
mesh included 362 nodes. Taking advantage of them&ftric load and support
conditions, only half of the beams were modeled. nfsides at the centerline of the
beam were restrained against displacements in-theegtion (Figure 3.12).

The 40 mm wide steel bearing plates at the suppeete modeled with two
elements placed at the bottom of support pointe diop weight was modeled using
two rigid rectangular elements each 30x20 mm ir.sithe elements modeling the
drop-weight were connected to the specimen by tbhomepression-only truss bars, so
that when the drop-weight bounced back, it will patl up on specimen. These truss
bars were also assigned very high stiffness prgserand they were connected to the
element representing the steel plate placed atptiet of impact. A total of 314

rectangular elements were used to model concrbegdimensions of the elements were
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varied in the model to accommodate the nodal lonatiin accordance with the

locations of the truss bars representing the ladgial reinforcements and the elements
representing the support plates.

<

drop weight

303 Compression-gnly
58737 59, truss bars \ﬁ

Q000X

Q

» X

(01010) ?\ support plate

, 200 500

drop weight

Compression-only
truss|bars

A

L | —

Figure 3.12. Finite element model for VT2 (A24&B24)

The impact loads on the test specimens were sigtulay assigning the impact
velocity of the drop-weight to the nodal massesraggnting the drop-weight. The
following figures present the comparisons of midssglisplacements, as observed and
computed with VecTor2. Estimated crack profilesMi2 at the time of peak mid-span

displacement are also presented. Peak displacementsummarized in Table 3.7 and
Table 3.8.
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Figure 3.16Calculated crack profile at peak point, A- V=3 m/s
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Displacement (mm)

Table 3.7. Pak values as obtained from the tests and VT2 aeslgs A2:

TEST RESULTS VT2 RESULTS
Test \c Max. Time at Max. Max. Time at Max. Error in
(m/s) Displacement| Displacement| Displacement| Displacement| Max. Displ.
(mm) (ms) (mm) (ms) (%)
A24 1 1.1C 3.50 1.21 6.00 -10.27
A24 3 10.6: 12.40 10.03 24.00 5.67
A24 4 15.07 14.30 12.09 18.00 19.79
3.0
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Figure 3.19Comparison of observed and computed responses- V=1 m/s
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Figure 3.20Calculated crack profile at peak point, E- V=1 m/s
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Figure 3.24Calculated crack profile at peak point, E- V=4 m/<
Table 3.8 Peak values as obtained from the tests and VT2 fal
TEST RESULTS VT2 RESULTS
Test \j Max. Time at Max. Max. Time at Max. Error in
(m/s) Displacement| Displacement| Displacement| Displacement| Max. Displ.
(mm) (ms) (mm) (ms) (%)
B24 1 2.2t 6.70 2.04 9.00 8.48
B24 3 15.0¢ 25.00 11.63 19.00 22.75
B24 4 17.0z 17.10 17.11 23.00 -0.55

Model and Analysis of beam A48& B48

The beams A48 and B48 were the ones with the lasgem tested by Kishi
al. Both beams had a shear span 1000 mm. A48 had 0.0182longitudinal
reinforcement ratio, whereas B48 had 0.0 A48 was still sheacritical due to it's the
large amount of longitudinal reinforcement it hadhere as B48 was flexu-critical.
For this analysis a total of 526 rectangular elesmerere used represent to concre
and support plates, and 43 truss bar elements usad to model longitudinal ste
reinforcement. The mesh included 586 nodes. Ta&kth@ntage of the symmetric lo
and support conditions, only half of a beam was etextl All node at centerline of the
beam were restrained against displacements in-direction Figure3.25).

The 40 mm wide steel bearing plates at the suppeete modeled vth two
elements placed at the bottom of support pointe diop weight was modeled usi
two rigid rectangular elements each 30x20 mm ire.sikhe elements modeling t

dropweight were connected to the specimen by three pesaI-only truss bars, so
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that when the drop-weight bounced back, it will patl up on specimen. These truss
bars were also assigned very high stiffness prgserand they were connected to the

elements representing the steel placed at the pbintpact.

<

drop weight

Compression-gnly

303
truss bars

283" 30.

(01010) ?\ support plate

, 200, 1000

-~

drop weight

Compression-only
truss|bars

Figure 3.25. Finite element model for VT2 (A48 &wB)

A total of 520 rectangular elements were used talehdhe concrete. The
dimensions of the elements were varied in the mddehccommodate the nodal
locations in accordance with the locations of tlusg bars representing the longitudinal
reinforcements and the elements representing {h@osuplates.

The impact loads on the test specimens were sigtulay assigning the impact
velocity the drop-weight to the nodal masses repntsg the drop-weight. The
following figures present the comparisons of midssmlisplacements, as observed in
the tests and computed with VecTor2. Peak displaogsrare summarized in Table 3.9
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and Table 3.10The crack profiles at the time of peak -span displacement are a

presented.
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Figure 3.26 Comparison of observed and computed responses- V=1 m/s
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Figure 3.27Calculated crack profile at peak point, A- V=1 m/<
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Figure 3.28Comparison of observed and computed responses- V=3 m/s
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Figure 3.31Calculated crack profile at peak point, A- V=4 m/s
Table 3.9Peak values as obtained from the tests, VT2 {finpact
TEST RESULTS VT2 RESULTS
Test \j Max. Time at Max. Max. Time at Max. Error in
(m/s) Displacement| Displacement| Displacement| Displacement| Max. Displ.
(mm) (ms) (mm) (ms) (%)

A48

3.9¢

6.10

3.51

16.00

11.93

A48

13.2%

12.40

13.89

23.00

-4.67

A48

18.3¢

15.10

18.61

25.00

-1.25

53



160
* VT2

14C
T4C

TEST

40" 60 a0 100 120
Av A4 Av LU LU

20
[,

oD

®*eq,

T
e <
© <

1
© @ o o Qo o
NS Yoo

(ww) uswaoe|dsig

-10.0
-12.0

Time (msec)

1 m/s

Figure 3.32Comparison of observed and computed responses- V

0.16

0.11

0.01

7

T

Al 7
/

i W2 PANAVava A RAvAR

rAPAFAVANZVav

TANAEA A rd s

P rAN,
A RavaAVAVANARERAr,

1 m/s

Figure 3.33Calculated crack profile at peak point, E- V

f
& 3
~ L
E W —
> =
o 3
_ [ 4.
<3
O
.« N
A Lo
o
. o
S
. o
. -
) | o
r ©
: | o
. \ <
. o
T N
[

T o
Lo o n o Ko} o Lo
N N — — '

ww) uswaoe(dsig

o
.

Time (msec)

3m/s

Figure 3.34Comparison of observed and computed responses- V

54



0.18 0.14 1.62 1]
[ T 11 F \
R e e e N e S e s
|'+ |_}/_:/././-—] 7 ill \f‘-—,j:,,': ]_’ ,;.//- N
. \+ P Pl Pl A A — 11> = _ A A AN TN T
L] I Ed Pl P P P VA P P P e e A AVavaEd ra e Pa P e Pl PaP AV AR N N
11 N /—t—,/_//,;F,‘K_,T:f_//___’:"____;_:”ﬂ"«'_/.x,//////." \
_‘_ // "’/’4}’{"/"/’/’"/..;‘;::)/;jj;ﬁ{:“!:
] A PAPAPd P4 £ 2 P a £ A PA LA EAEd PV d EAPd Pav g PAPA FavA VA A VARARE !
J::Jj’——-_ # 717171~ ///‘I/’//i :l: :,::::‘:?_;,/1 P j
/ .w'\'_'!\\HEHJrllH-UL.‘I'.I\.,I {ff'f;.f _
: J[ -uLJIHITT’Illmm|?Hfb_;’i.’l’FH|H | D
Figure 3.35Calculated crack profile at peak point, E- V=3 m/s
40
35 ﬁ' ............ vT2 L
- Te. o TEST
—~ 30 -
525 I/.'. \\ ......... /AI
£ 20
515 ............
o 10
B2
0 5
0 T T T
0 20 40 60 - 80 100 120 14C 160
Time (msec)

Figure 3.36 Comparison of observed and computed responses- V=4 m/s

Figure 3.37Calculated crack profile at peak point, E- V=
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Table 3.10Peak values as obtained from the tests, VT2 {mpact)

TEST RESULTS VT2 RESULTS
Test \c Max. Time at Max. Max. Time at Max. Error in
(m/s) Displacement| Displacement| Displacement| Displacement| Max. Displ.
(mm) (ms) (mm) (ms) (%)
B48 1 4.4¢ 13.90 4.36 20.00 2.20
B48 3 21.8¢ 19.40 21.76 37.00 0.31
B48 4 36.9( 26.80 36.68 47.00 0.61
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As seen in the tables and figures, VT2 performedl we general. Peak
displacements were captured with great accuracyslrfor all cases. The errors in
predicting the maximum displacements were mininad avell within the range of
acceptable accuracy for reinforced concrete strestuSuch good predictions were
observed in shear-critical members as well, dematnsty VT2's ability in modeling
shear behavior. However, the predictions for pestikpvibrations were generally poor.
Such poor predictions can be attributed to thecdefcies in modeling the contact
between the drop-weight and the specimens, asasetiodeling the hysteretic behavior
of concrete. It also has to be noted that minimg&rmation was available regarding the
details of the test setup and the support conditmfrthe beams. Since VT2 performed
significantly better with Saatci beams for which takting details were available and
considered in modeling, greater part of the ermcoentered in predictions can be

attributed to the lack of detailed information abthe testing conditions.

3.4. Impact Analysis of Reinforced Concrete Beamssing VecTor3

3.4.1. Impact Analysis of Saatci Beams using VecTar

The analysis carried in Section 3.3.1 are repeuwtéidl the three-dimensional
mesh using VecTor3. For this analysis a total @f8.Bexahedral elements were used to
represent to concrete and support plates, andr@é bar elements were used to model
longitudinal steel reinforcement. The mesh inclu@86 nodes. Taking advantages of
the symmetric load and support conditions, only bba beam was modeled. All nodes
at centerline of the beam were restrained agairsgilatements in the x-direction
(Figure 3.38)

The 120 mm wide steel bearing plate at the suppeais modeled with four
elements placed at the top and bottom of suppantgorhe drop weight was modeled
using four rigid hexahedral elements each 40x20 imsize. The elements modeling
the drop-weight were connected to the specimerebyompression-only truss bars, so
that when the drop-weight bounced back, it will patl up on specimen. These truss
bars were also assigned very high stiffness prgserand they were connected to the

element representing the steel placed at the pbintpact.
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A total of 992 rectangular elements were used talehahe concrete. The
dimensions of the elements were varied in the mddehccommodate the nodal
locations in accordance with the locations of tlusg bars representing the longitudinal
reinforcements and the elements representing {h@osuplates.

The impact loads on the test specimens were sigtulay assigning the impact
velocity of the drop-weight to the nodal massesraggnting the drop-weight. The
following figures present the comparisons of midssmlisplacements, as observed in

tests and computed with VecTor3. Peak displacenaatsummarized in Table 3.11.
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Table 3.11. Peak values as obtained from the &est3/T3
TEST RESULTS VT3 RESULTS
Test : : : : :
Max. Displ. | Time at Max.| Max. Displ. | Time at Max. | Error in Max.
(mm) Displ. (ms) (mm) Displ. (ms) Displ. (%)
SS04 9.32 10.83 9.11 7.00 2.25
SSIE! 12.08 8.75 11.43 9.00 5.35
SSib 39.55 16.25 35.10 14.50 11.23
SS24| 10.54 10.42 9.44 7.50 10.49
SS2h, 37.86 16.25 32.24 13.00 14.84
SS3a4| 10.70 6.25 9.44 7.50 11.84
SS3b 35.29 15.83 32.88 13.00 6.83
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3.5. Comparison of the Results of Impact Analysisf&Gaatci Beams

VT2 and VT3 essentially use the same methodologMlGFT. However, they
may produce different results. The following figsireompare both solutions for the
same specimens. Peak displacements are summanriZadble 3.12. As seen in figures,
both VT2 and VT3 made very similar predictions floe peak displacements. However,
since VT2 has an advanced treatment of the droghwevith regards to its connection
to the specimen with compression-only truss bargieided better predictions in the
post-peak range. The algorithm for the compreseidg-truss bars in VT3 has some
deficiencies, causing some tension in these bdms. groblem was eliminated in VT2,
but remained in VT3 for the time being. On the othand, VT3 model produced no
significant out-of-plane stress or deformation, gegjing that the two-dimensional

model employed by VT2 was sufficient for an acceirabdeling.
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Table 3.12. Peak values as obtained from VT2 an8 VT

VT3 RESULTS VT2 RESULTS

Test Max. Time at Error in Max. Time at Error in

Disp. | Max. Disp. Max. Disp. | Max. Disp. Max.

(mm) (ms) Displ. (%) (mm) (ms) Displ. (%)
SS0a] 9.11 7.00 2.25 10.02 8.50 -7.52
SSlal 11.43 9.00 5.35 9.86 8.50 18.34
SS1b] 35.10 14.50 11.23 34.63 14.50 12.43
SS2a)l 9.44 7.50 10.49 9.93 7.50 5.82
SS2b| 32.24 13.00 14.84 36.06 14.00 4.77
SS3al 9.44 7.50 11.84 9.44 8.50 11.83
SS3b| 32.88 13.00 6.83 34.93 14.50 1.04

250
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3.6. Modeling Considerations for VecTor2 and VecTd@ Analyses

In this section, certain considerations regardihg tmodeling choices and

analysis parameters presented in the precedingsedre discussed.

3.6.1. Effect of Damping Parameters

VecTor programs use Rayleigh damping method taidelthe viscous damping
into the solutions. Hence, although the solutionna obtained through a modal
analysis, an eigenvalue analysis is carried out\abichtional modes and periods are
found. Then, viscous damping ratios are assignetthéee modes and corresponding
coefficients for mass and stiffness matrices aumdoto establish the damping matrix.
Since VecTor2 was capable of modeling the majoritfy energy dissipating
mechanisms, only a minimal amount of viscous dampuas needed to stabilize the
numerical solutions. Before finalizing the analysegarametric study was carried out
to determine the damping ratios to be assignetiaditst two vibrational modes. The
damping ratios for the first and second modes bfation were continuously reduced,
until the solutions lost their stability. The snest amount of viscous damping that
resulted in a stable solution was selected forfited analyses of the test specimens.
These values are summarized in Table 3.13 and Bablle Note that since the structure
was reduced to exploit symmetry, the vibrationade®found do not reflect the actual
modes in the structure. However, since a precisepdsy was not required and these
modes were only used to determine the two coeffisi®or mass and stiffness matrices,
such an error is acceptable.

The effects of damping parameters on the solutamespresented Figure 3.53
and Figure 3.54, for A24VE3 m/s) and SS3b. Note that the legends in thegees
show the damping ratios assigned to the first @wdrsd modes. As can be seen in the
figure, low levels of damping rendered the solutiamstable, causing an unbounded
increase of displacements; a stable solution coualgl be achieved by increasing the
viscous damping. Increasing the damping furtherohdythis stability limit simply
decreased the displacement response. This methottafucing damping was found to
be quite effective and accurate, especially comsigehat the analyses carried out with

these limiting damping ratios also resulted intikst estimates of the actual response.
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Figure 3.53. Effect of damping on computed respaige4,V=3 m/s (VT2)

Mid-span displacement

Table 3.13. Damping properties used in analyse2JVT

Specimen \Y; 1" Mode Damping | 2" Mode Damping
(m/s) (% of critical) (% of critical)
1 8.00 9.00
A24 3 0.03 1.35
4 0.30 4.00
1 0.10 0.40
B24 3 0.50 3.00
4 0.50 8.00
1 0.50 0.80
A48 3 0.50 3.00
4 3.00 8.00
1 0.40 4.00
B48 3 0.70 5.00
4 0.50 5.00
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Figure 3.54. Effect of damping on computed resp@istS3b (VT3)
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Table 3.14. Damping properties used in analyseSJVT

Specimen 1' Mode Damping | 2" Mode Damping
(% of critical) (% of critical)
SSOa 0.50 1.50
SSla 0.01 0.20
SS1b 0.01 0.50
SS2a 0.01 0.90
SS2b 0.01 0.60
SS3a 0.01 0.75
SS3b 0.01 1.00

3.6.2. Effect of Exploiting Symmetry Conditions

In this study, taking advantage of the symmetradl@nd support conditions,
only half of the beams were modeled. All nodeshat ¢enterline of the beam were
restrained against displacements in the x-direct{iigure 3.55). However, since
dynamic analyses were carried out on the beanms,oit importance to ensure that the
calculated responses were not affected with thideimg choice. In other words, it has
to be verified that no vibrational modes of sigraft importance was missed with this
decision. Therefore, one of the dynamic analys@d, & Kishi beams tested with 4 m/s
impact velocity, was repeated with a full mesh with exploiting the symmetry
conditions in VecTor2 (Figure 3.56). To duplicatee tentire analysis conditions,
damping matrix coefficients found in the half-mesgére fed into the full-mesh analysis.
The drop-weight was also restrained in the x-dioectThe results obtained from these
two analysis are compared in Figure 3.57. As seam the figure, both analyses gave
essentially identical results. Only at the lategetaof the response, some diversions
were observed due to local numerical instabilitidss result was expected since these
beams were heavily damaged under the impact loddoaly first vibrational modes
played a significant role in the response which was affected by the half-mesh
modeling. Therefore, exploiting the symmetry coiotis was very beneficial in

reducing the calculation time without altering #ieeuracy of the results obtained.
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3.6.3.Effect of Finite Element Mesh Siz

To observe the effect of the size of the finitened@t mesh in the solutions, o
of the static analyses, MSwas repeated with a finer meshes. Model NMFigure
3.59a), Model M2 Kigure3.59b), Model M2 (Figure 3.%9 were used for comparisc
For M1, crosssection in the x-plane had 1X16 elements, and in totee number of
elements was 100(@Figure3.5!). On the other hand, for M2, cresection in the xy-
plane had 5X16 elements and in total the numbexiehents was 5000, and for M
cross-section in the xgtane had 8X16 elements and in total the numbezlerhents
was 8248 (Figure3.59)he analys for MSO was repeated with the mesh M2 anc

mesh M3 for comparisc

M1 M2 M3

Figure 358. Threedimensional view of finite element mes
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As seen in Figure 3.60, the solution obtained iatim M1, M2, and M3 were
in close agreement. Therefore, it can be saidtbeathosen mesh size for the analyses
were appropriate. Hence, M1 was confidently usedumher analyses reduce the

computation time.
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CHAPTER 4

IMPACT MODELING USING MASS-SPRING MODELS

4.1. Introduction

Due to the complicated and time consuming natur@ dnlinear finite element
analysis (NLFEA), alternative simpler methods wateo developed in the literature
that consider the nonlinear behavior of the reicédrconcrete structures under impact
loading. Although this study has a focus on NLFHAyestigating these simpler
methods and comparing their results with NLFEA Isoaeneficial in evaluating the
efficiency of the NLFEA methods studied. In thisapker, a commonly used mass-
spring model is described as an alternative sinmpdeleling technique, and falling-
weight impact test results conducted on reinforcexcrete (RC) beams are compared
with the results obtained from the analyses udigytechnique.

Section 4.2 gives details of the mass-spring madetecommended by CEB
(CEB Comite Euro-International Du Beton 1988) arett®n 4.3 gives details and

results of analyses of Saatci beams using this mode

4.2. CEB Formulations

The mass-spring model is formed by collision of twmassesm and nm,
representing the structure and the colliding baggpectively, a contact spring
between two masses simulating the force which isedaby the counter deforming
bodies after contact, and another spridigwhich representing the deformation and
activated resisting force of the structure. In gahdoth springs have nonlinear force-

deformation relations.
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Figure 4.1. Simple mechanical model of two-mas$esys

The model, as shown in Figure 4.1, is formulated tbg following two
differential equations of equilibrium written fdreé two massesmy andm;

mzu,z + Rz(uz - ul) - O (4.1)
myily — Ry(up; —uy) + Ry(uy) =0 (4.2)

R
a) i @mewwwwl—@%
Uz Uz

ey ey

b) o mmww

Figure 4.2. Divided response of a two-mass system

In cases where, > u; the relations is expressed as;

myil, + Ry(uy) =0 (4.3)
myily + Ry (uq) = Ry (uy () = F(t) (4.4)

This situation is also calleSoft Impact (Figure 4.3a) where the kinetic energy

of the striking body is completely transferred imteformation energy of the striking

body, while the rigidly assumed resisting structn@ains undeformed.
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Figure 4.3. Hard and soft impact
(Source : CEB 1988)

The opposite response is callddrd Impact(Figure 4.3b) and occurs when the
striking body is relatively rigid. In this case tkimetic energy of the striker is to a large
extent absorbed by deformation of the struck badyich normally is the structure.
Accordingly, the beams subjected to impact loadshia study exposed hard impact
conditions. Hard impact conditions require the ldeshavior of the target body to be
considered, as well as its general deformatiorgu(ei4.4).

The springR; represents the contact characteristics of betwhestructure and
the striking body. The general load-deformatiortgratin the contact zone of a solid is
shown in Figure 4.4. This pattern may be influenbgdstrain rate effects. Elastic
compression take place in the rangedof Au < Au! followed by an elasto-plastic
situation forAu! < Au < Au? where permanent internal damage occurs. /&ot>
Au? a further compaction or even liquefaction maydailwith very high values of
0F /0[Au] .

Figure 4.4. Hard impact
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Figure 4.6. Characteristic load-deformation behagfdhe struck bod¥r; (u;)

The stiffness and strength of the structure is esgmted by the spring.
Although R; can be linearly elastic, for a typical reinforcedncrete structure, a
nonlinear force-deformation relationship is morealistic as shown in Figure 4.6.
Further details can also be incorporated into tbleaksior of the structure, such as the
loading-unloading relationships and hysteresis stula this study, hysteresis rules
defined by Takeda et al. (1970) are used to deheebehavior of spring;. The static
response was idealized by definining a primary euiw initial loading and a set of
rules for reversals as described in Figure 4.7n@ysuch a set of loading-unloading
rules, the structural response under dynamic loadge defined in considerable detail.

As mentioned earlier, the mass represents the mass of the striking body. Mass
my, representing the mass of the structure, requaksilation of a “participating mass”,
based on the estimated shape of deformation ofttlheture under the impact load, as

given in Equation 4.5 and 4.6.
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L
m; = jﬁl - d?2(x) dx (4.5)
0
L

P(t) = fp(t,x)-cp (x) dx (4.6)

0

m: distributed mass

Once all properties are determined, the respongderuhe impact loading can be
determined by the simultaneous solution of Equatidil and 4.2 through a finite

difference scheme defined in time domain, as shoslow.

mlill + R1 - Rz = 0 (48)
where
Ri =Ri(w); Ry=Ry(Aup); Aup =u; —uy (4.9)

Therefore, using the finite difference method fonlnear springs,

At

vitl = vl — — - R,(AUb) (4.10)
m,
wtl =uf +vitt - At (4.11)
t+1 t At t t
vy =Vt o [(R;Au3) — (Ryuz)] (4.12)
1
uttl =ul +vitt At (4.13)
and with the initial conditions at= 0 ;
v, =0, u; =0; v, =vy; u, =0 (4.14)
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Figure 4.7. Examples of assumed static load-dédlectlationship

For this study, a FORTRAN program was developedaioulate the structural
response based on the hysteresis rules defineckgda et al. and carry out the time-
stepping algorithm described in Equations 4.7 34The listing for this code is given
in the Appendix A.
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4.3. Impact Analysis of Reinforced Saatci Beams ugj CEB

Formulations

In this section, impact tests carried out by Saat@ simulated with the
procedure described in the preceding section. fpeoaimation made to predict the
behavior of a struck beam is shown in Figure 4.8.

The input file for the developed FORTRAN progranclides Analysis
Parameters, Structural Parameters, and Impactirggs Marameters as shown in Table
4.1. Total duration of response was taken as O&%shumber of time steps was taken
as 20000. Structural Parameters, such as crackidg/ielding points, are taken from
static test results presented previously in SecBagh It should be noted that these
parameters can be acquired from the VecTor or AN&N&ysis. To consider the strain
rate effects caused by the rapid loading under atpmaiacking loads were multiplied
with 1.5, yield loads were multiplied with 1.2, aofimate loads were multiplied with
1.2, based on the estimated strain rates and reeadations by CEB. Impacting
masses were 211 kg for a lighter drop-weight (beaastified as a-series), and 600 kg
for heavier drop-weight (beams identified as besgri The contact velocity 8 m/s was
assigned as an initial velocity for the drop-wesgghiThe contact stiffness was
determined by calculating the stiffness of the engight according to its structural
properties as 50 kN/mm. The local crushing of cetecwas ignored in determining the

contact stiffness.

Figure 4.8. Two mass model for hard impact
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Table 4.1. The input file parameters

Analysis Parameters Structural Parameters ImpactingMass Parameters

Total duration (s) Yield Load (kN) Impacting mass (kg)
No. of time steps Yield Displacement (mm) Contact velocity (m/s)
Record every Nth time step Ultimate load (kN) Contact stiffness (kN/mm)

Cracking load (kN)

Cracking displacement (mm)

Ultimate displacement (mm

Effective mass (kg)

The following figures present the comparisons adi-span displacements, as

observed in tests and computed with Spring Mod&)(SPeak displacements are

summarized in Table 4.2.

Displacement (mm)

Displacement (mm)

P P N N W
o o0 o o o o1 o

|
a1

P = NN
o o0 o o o o

{
ol
¥

e
SRS

—TEST |
.. .. LR SM
) 50 100 150 200 250
Time (msec)

Figure 4.9. Comparison of observed and computqubrees, SS0a

Time (msec)

Figure 4.10. Comparison of observed and computgibreses, SSla
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Figure 4.11. Comparison of observed and computgabreses, SS1b
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Figure 4.12. Comparison of observed and computgabreses, SS2a
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Figure 4.13. Comparison of observed and computgtbreses, SS2b
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Figure 4.14. Comparison of observed and computgabreses, SS3a
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Figure 4.15. Comparison of observed and computgabreses, SS3b

Table 4.2. Peak values as obtained from the testSM analyses

TEST RESULTS SM RESULTS
Test Max. Time at Max. Max. Time at Max. .
. ) . ) Error in Max.
Displacement | Displacement | Displacement | Displacement Displ. (%)
(mm) (ms) (mm) (ms) P
SS0a 9.32 10.83 23.90 13.14 -156.49
SSla 12.08 8.75 19.93 10.76 -65.00
SSi1b 39.55 16.25 59.30 17.39 -49.95
SS24 10.54 10.42 17.88 9.89 -69.60
SS2b 37.86 16.25 51.59 15.39 -36.26
SS3a 10.70 6.25 17.83 10.03 -66.60
SS3b 35.29 15.83 51.59 15.39 -46.17
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As shown in figures, the results of SM are shapgewery similar to the actual
response observed in the test for moment critiegnis (SSla, SS1b, SS2a, SS2b,
SS3a, and SS3b). However, in general, SM modelhhigierestimated the response.
This can be attributed to two facts: First, theesutlefined by Takeda et al. are based on
ductile members which have a definite yield plataaishown in Figure 4.7a. However,
these beams, even if they were expected to belelustider static loads, mostly
exhibited shear dominant behavior under impact ilgacdbefore undergoing large
deformations. This is observed more clearly in SS=condly, the factors applied to
the static properties to consider the strain rdteces were chosen through rough
assumptions based on the expected strain rateseowthe actual strain rates may
vary during the response and well exceed the asbwalaes, causing a stiffer response
compared to the expected one.

Thus, it can be said that, although it is much $mpnd quick to apply, SM
models failed to predict the impact response affoeced concrete beams accurately.
This method has been further developed for bettedigtions (Fujikake et al. 2009).
However, use of complicated methodologies to beltdine the structural response and
the effect of strain rates costs the attractiveioédbe method as a simple tool. Hence,

nonlinear finite element methods seem to be matalda for accurate predictions.

81



CHAPTER 5

CONCLUSION

The study presented in this thesis had severakfpoints. The main objective
was to evaluate the numerical methods available piedicting the behavior of
reinforced concrete (RC) structures subjected foaichloads. For this purpose, a two-
dimensional nonlinear finite element reinforced @ete analysis program called
VecTor2, a three-dimensional nonlinear finite elameeinforced concrete analysis
program called VecTor3 and a three-dimensionaldialement program called ANSYS
were used for analyses. A separate program empgj@ymple mass-spring models were
also developed in FORTRAN.

Shear-critical beams were selected for testingntkeéhods, since modeling the
shear behavior of RC structures presents a challdvigreover, shear mechanisms are
known to dominate the impact behavior of reinforcedicrete structures. Hence, if a
method was found to be successful in modeling bieaisdominant impact behavior, it
is safe to claim that such a method would be sségeim modeling the impact behavior
of ductile members as well. Results of the expeniiaeimpact studies found in the
literature were modeled with the mentioned methadd results were compared to
evaluate the methodologies. In general, programsTde and VecTor3 performed
well in estimating the impact response. The modetrethodology for RC employed in
these programs, the Modified Compression Field Th@dCFT), was known as one of
the more successful methods in predicting thecsttear behavior of RC structures,
and it performed well in modeling the shear dominarpact behavior as well. Damage
profiles, peak displacements and displacement ctarstics were captured with good
accuracy. Both two- and three-dimensional finitengnt applications performed alike,
with limited dissimilarities due to their differemtay of handling the impact load. Thus,
it can be said that the methodology would perfouecessfully in the structures where a
two-dimensional analysis is not possible. Statialgses were also carried out with
another well-known program ANSYS. Such analysesevaso intended to be used to
determine the static properties of the structumese used in mass-spring models.

However, ANSYS did not perform well in ductile meend and severely
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underestimated the deformation capacity of the negsaHence, the results of these
analyses could not be further used.

Simple mass-spring models were also tried for mngdethe shear-critical
beams. However, they performed rather poorly wite tmaterial models chosen.
Although possible enhancements to such models vegerted in the literature, they
were not applied in this study due to their congilkd nature and still questionable

accuracy.
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APPENDIX A

THE PROGRAM CODE IN FORTRAN

The program code in FORTRAN written by the supemwiAssist. Prof. Selguk

Saatci used in Chapter 4.

C PROGRAM SPRING
C
C This program calculates the response of a two-mas
C simulating a hard impact
C The hysteresis rules for RC member are taken from
C Takeda, Sozen and Nielsen (1970), "Reinforced Con
Simulated Earthquakes", ASCE Journal of the Structu
C
Cv2.0
C June 17, 2010
C

IMPLICIT NONE

O 0O 0

* ULTLD, ULTDISP, MASS1,TRNDISP,
REAL*8 PI,DI,PS,DS,VI,VS, S,HRLN,A,B,RF,

*PC,DC,PY,DY,PU,DU,OC,CY,YU,CPY,CSE,UM1,UM2,U

* S1,X0, XOUM,X0Y,U0D,U0,X1UM,U11,UID X2U0,U22
* ACHNG,SE,PSE,PSEOLD
INTEGER IDRO,RNRL,IDR,IDRV,IDRVO,ISIGN,NRL,JI

REAL*8 UM(2,2),UPOS(3),UNEG(3),EXCR(6),ESE (3),BOT

LOGICAL PRINT1, BTEST
ALLOCATABLE U1(:), U2(}), V1(), V2())
CHARACTER*10 STAT

INTEGER*4 TSNO, RECNO
REAL*8 DUR, TSTEP

REAL*8 CRKLD, CRKDISP, YLDLD, YLDISP, ULTLD, ULTDI

REAL*8 MASS2, CNCTVEL, CNCTSTF
REAL*8 U1, U2, V1, V2

COMMON /SPRING1/ R1,CRKLD, CRKDISP, YLDLD, Y

S spring system

crete Response to
ral Division

LDISP,
MAXDISP, STAT

M3,UM4,
,X3UI,U3,QY,

JIREVSL
T,52,U1D,X2U0

SP, MASS1
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REAL*8 R1, R2, TRNDISP, MAXDISP, R1l, R1S
INTEGER I, COUNT, MAXFLG

OPEN(5,FILE="SpringInput.txt, STATUS="OLD", ERR=900)

READ(S, (/II11I11))

READ(5,801, ERR=901) DUR
READ(5,802, ERR=901) TSNO
READ(5,802, ERR=901) RECNO

READ(5, (//))

READ(5,801, ERR=902) CRKLD
READ(5,801, ERR=902) CRKDISP

READ(5,801, ERR=902) YLDLD
READ(5,801, ERR=902) YLDISP
READ(5,801, ERR=902) ULTLD
READ(5,801, ERR=902) ULTDISP
READ(5,801, ERR=902) MASS1

READ(5, (/1))

READ(5,801, ERR=903) MASS2

READ(5,801, ERR=903) CNCTVEL

READ(5,801, ERR=903) CNCTSTF

ALLOCATE (U1(TSNO),U2(TSNO),V1(TSNO),V2(TSNO) )
OPEN(6,FILE="SpringOutput.txt’)

WRITE(6,803) 'TIME', 'U1','U2','V1','V2''R1','R2 ,/STAT'

U1=0.

uU2=0.

V1=0.

V2=0.

R1I=0.

R1S=0.

S=0.

STAT='LOADING'

TRNDISP=0.

COUNT=0

TSTEP=DUR/TSNO
MASS1=MASS1/(10**6)
MASS2=MASS2/(10**6)
CNCTVEL=CNCTVEL*1000
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OC=CRKLD/CRKDISP

CY=(YLDLD-CRKLD)/(YLDISP-CRKDISP)
YU=(ULTLD-YLDLD)/(ULTDISP-YLDISP)
CPY=(YLDLD+CRKLD)/(YLDISP+CRKDISP)

C
C
V2(2)=CNCTVEL
C
DO 10 =2, TSNO-1
COUNT=COUNT+1
C
C IF (I.EQ.1) THEN
C CALL SPR1(0.,U1(l),0.,V1(l))
C ELSE
C CALL SPR1(UL(1-1),U1(1),V1(I-1),V1(l))
C ENDIF
CALL HYSTO6(R1I,U1(1),R1S,U1(I-1),V1(I),V1(I- 1),

S,HRLN,A,B,IDRO,
* RF,CRKLD,CRKDISP,YLDLD,YLDISP,ULTLD,ULTDISP,
* CPY,CSE,RNRL,UM1,UM2,UM3,UM4,
* S1,X0, XOUM,X0Y,U0D,U0,X1UM,U11,UID X2U0,U22
* ACHNG,PRINT1,SE,ESE,PSE,PSEOLD,UPOS,UNEG,EXC
C
R2=CNCTSTF*(U2(1)-U1(l))
IF (R2.LT.0.) R2=0.
V2(1+1)=V2(l)-TSTEP/MASS2*R2
u2(1+1)=U2()+V2(I+1)*TSTEP
C V1(I+1)=V1()+TSTEP/MASS1*(R2-R1)
V1(1+1)=V1()+TSTEP/MASS1*(R2-R1l)
U1(+1)=U1()+V1(I+1)*TSTEP
R1S=R1I
R1I=R1I+(U1(I+1)-U1())*S

IF (COUNT.EQ.RECNO) THEN
WRITE (6,804) IFTSTEP, U1(l),U2(1),V1(l),V2(l
COUNT=0
ENDIF
C
10 CONTINUE
801 FORMAT (28X,E10.0)
802 FORMAT (28X, 16)

OC,CY,YU,

,X3UILLU3,QY,MAXFLG,
R)

),R1S,S
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803 FORMAT (8(3X,A8))
804 FORMAT (7(2X, E10.4), 3X, A10)
STOP
900 STOP 'ERROR: Error opening Springlnput.txt fi
901 STOP 'ERROR: Error reading Analysis Parameter
902 STOP 'ERROR: Error reading Structural Paramet
903 STOP 'ERROR: Error reading Impacting Mass Par
END

SUBROUTINE SPR1(UUO,UU1,VV0,VV1)
IMPLICIT NONE
COMMON /SPRING1/ R1,CRKLD, CRKDISP, YLDLD, Y
* ULTLD, ULTDISP, MASS1,TRNDISP,
REAL*8 R1, TRNDISP, MAXDISP

CHARACTER*10 STAT

REAL*8 UUO, UU1, VVO, VV1

IF((VV0*VV1).GT.0.) THEN

IF((VV1.LE.0.).AND.(UUL.LT.TRNDISP)) STAT=
ELSE

IF((VV0.GT.0.).AND.(VV1.LE.0.)) THEN
STAT='UNLOADING'

TRNDISP=UU1

ENDIF

IF((VVO.LT.0.).AND.(VV1.GE.0.)) THEN
STAT='RELOADING'

ENDIF

ENDIF

IF (STAT.EQ.'LOADING") THEN
IF (UU1.LT.CRKDISP) THEN
R1=CRKLD/CRKDISP*UU1
RETURN
ELSEIF (UUL.LT.YLDISP) THEN

RETURN
ELSEIF (UU1.LT.ULTDISP) THEN

O 0O 0O 0000000000000 O0O0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0

REAL*8 CRKLD, CRKDISP, YLDLD, YLDISP, ULTLD, ULTD

IF((VV1.GT.0.).AND.(UU1.GT.TRNDISP)) STAT='LOAD
IF((VV1.GT.0.).AND.(UUL.LT.TRNDISP)) STAT='RELO

R1=(YLDLD-CRKLD)/(YLDISP-CRKDISP)*(UU1-CRKD

ers'

ameters

LDISP,
MAXDISP, STAT

ISP, MASS1

ING'
ADING'
'UNLOADING'

ISP)+CRKLD
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O 00000000000

R1=(ULTLD-YLDLD)/(ULTDISP-YLDISP)*(UU1-YLDI
RETURN
ELSE
R1=0.
RETURN
ENDIF
ELSEIF ((STAT.EQ."UNLOADING').OR.(STAT.EQ.'RELOA
R1=(YLDLD/YLDISP)*(UU1-(TRNDISP-YLDISP
RETURN
ENDIF
RETURN
END SUBROUTINE

)

SP)+YLDLD

DING") THEN
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