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ABSTRACT

EXPERIMENTAL AND ANALYTICAL INVESTIGATION
ON IMPACT BEHAVIOR OF CONVENTIONAL AND
STEEL FIBER REINFORCED CONCRETE BEAMS
Azdeen Saleh Najah
Ph. D., Modeling and Design of Engineering Systems (MODES)
Main Field of Study: Civil Engineering
Supervisor: Assist. Prof. Dr. Halit Cenan Mertol
Co-Supervisor: Prof. Dr. Kagan Tuncay

June 2018, 157 pages

This research investigated the experimental and analytical behavior of unreinforced
and reinforced concrete beams cast using conventional concrete (CC) and steel fiber
reinforced concrete (SFRC) under impact loading. Dramix ZP-305 type steel fibers
were used for SFRC. Half of the beam specimens were unreinforced and the others
were reinforced using one 8 mm diameter steel reinforcement fixed at center of
specimen cross section. Cylinder concrete compressive strengths used in this study
were 12 and 26 MPa for CC specimens and 35 MPa for SFRC specimens. Beam
specimens had 60x60x500, 100x100x500, and 150x150x500 mm dimensions. The
specimens were tested under impact loading using a drop-hammer testing apparatus
having a weight of 58.5 N. This weight was dropped from various heights (1.20,
2.00, and 2.95 m for unreinforced specimens and 2.95, 3.00, and 3.04 m for
reinforced specimens) based on specimen sizes. The slow motion videos of the tested
specimens were recorded using a high-speed camera having a frame rate of 2000 fps.
Experimental velocity-time relationships for hammer were obtained by analyzing of
recorded impact videos using the TEMA Motion Analysis Software. Beams,
hammer, and supports were modeled in ANSYS Finite Element Analysis Program
and parameters related to modeling were calibrated based on the test results. Riedel,
Hiermaier, and Thoma (RHT) Concrete Model was used in ANSYS Dynamic
Explicit AUTODYN solver. The results were compared to the experimental studies
on CC and SFRC in this research and input parameters of the model were modified.

Comparisons of the experimental and modeling results indicated that velocity-time



relationships of hammer showed very good agreement for various concrete
compressive strengths and dimensions of specimens. It can be concluded that the
calibrated concrete model presented in this study could provide some general
guidelines for predicting the behavior of reinforced and unreinforced CC and SFRC

under impact loading.

Keywords: Drop-hammer testing apparatus, impact loading, ANSYS, RHT Concrete
Model, steel fiber reinforced concrete, high-speed camera, TEMA Motion Analysis

Software, velocity-time relationships.
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NORMAL VE CELIK LIFLi BETON KULLANILAN BETONARME
KiRISLERIN DARBE ETKIiSi ALTINDAKI DAVRANISININ DENEYSEL
VE ANALITIK OLARAK iINCELENMESI

Azdeen Saleh Najah
Doktora, Muhendislik Sistemlerinin Modellenmesi ve Tasarimi1 (MODES)
Ana Calisma Alani: insaat Miihendisligi ABD
Tez Yoneticisi: Dr. Ogretim Uyesi Halit Cenan Mertol
Ortak Tez Yoneticisi: Prof. Dr. Kagan Tuncay
Haziran 2018, 157 sayfa

Bu calismada donatili ve donatisiz geleneksel beton (GB) ve celik lifli beton (CLB)
kullanilan kiriglerin darbe yiiklemesi altindaki deneysel ve analitik davranislari
arastirilmistir. CLB igin Dramix ZP-305 tipi gelik lifler kullanilmistir. Kirislerin
yarisinda donati1 kullanilmamis, diger yarisinda ise elemanlarin tam ortasinda bir adet
8 mm ¢apmda ¢elik donati kullamilmigtir. Bu c¢aligmadaki beton silindir basing
dayanimlari, GB i¢in 12 ve 26 MPa, CLB i¢in 35 MPa olarak oOl¢iilmiistiir. Kirig
numuneler 60x60x500, 100x100x500 ve 150x150x500 mm boyutlarindayd:.
Numunelerin darbe ylikiine maruz birakilmasi i¢cin 58.5 N agirliginda ¢ekice sahip,
diisen ceki¢c test diizenegi kullanilmistir. Bu ¢ekic agirligt deney numunesi
boyutlarina gore farklh yiiksekliklerden birakilmistir (donatisiz elemanlar igin 1.20,
2.00 ve 2.95 m, donatili elemanlar i¢in 2.95, 3.00 ve 3.04 m). Deney sirasinda 2000
kare hizina sahip yiiksek hizli fotograf makinasi kullanilarak numunelerin yavas
cekim videolar1 kaydedilmistir. Kaydedilen videolar TEMA Hareket Analiz
Programu kullanilarak analiz edilmis ve ¢ekig i¢in deneysel hiz-zaman iliskileri elde
edilmigtir. Kiris, ¢ekic ve mesnetler ANSYS Sonlu Elemanlar Analiz Programi
kullanilarak modellenmis ve modelleme parametreleri deney sonuglarina gore kalibre
edilmistir. ANSYS Dynamic Explicit AUTODYN c¢oziiminde Riedel, Hiermaier ve
Thoma (RHT) Beton Modeli kullanilmistir. Sonuglar bu ¢alismadaki deney sonuglari

ile kargilagtirilmig ve kullanilan beton modeli parametreleri bu sonuca gore



degistirilmistir. Deney ve modelleme sonuglarinin karsilastirilmasi ile ¢ekic igin
olusturulan hiz-zaman iligkilerinin farkli beton basing dayanimlar1 ve farkli kesit
boyutlart i¢in ¢ok iyi uyum iginde oldugu saptanmigtir. Bu arastirma sonucunda
kalibre edilmis modeller kullanilmasi durumunda, donatisiz ve donatili GB ve CLB
kullanilan elemanlarin darbe etkisi altindaki davraniglar1 iyi bir sekilde tahmin

edilebilmektedir.

Anahtar Kelimeler: Diisen ¢ekig test diizenegi, darbe yiklemesi, ANSYS, RHT
Beton Modeli, celik lifli beton, yiiksek hizli fotograf makinesi, TEMA Hareket

Analiz Programi, hiz-zaman iligkileri.
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1. INTRODUCTION

1.1 General

Concrete members in structural applications may be subjected to impact loads
coming from various sources such as vehicles, dropping or flying objects,
explosions, etc. Behavior of concrete subjected to such loading shall be
understood very well to design impact resistant reinforced concrete structures.
Research on impact loading is usually hard and expensive due to the nature of
loading. Therefore, researchers used a set-up called drop-hammer testing
apparatus to simulate various impact effects on scaled members and finite element
models to predict the behavior of these scaled members. Later, these finite element

models were used to estimate the behavior of full-scale structures.

The modeling of concrete under impact loading using finite element became very
important in recent days due to its accurate results compared to the experimental
investigations and because it is saving time and money. Steel fibers drew the
researchers’ attention due to its ability to improve the concrete strength, ductility,
post-cracking behavior, and toughness. Therefore, researchers used various finite
element software packages available in the market to simulate and estimate the
behavior of full-scale structures. Many researchers have used ANSYS Finite
Element Software Package to model and study the behavior of conventional concrete

(CC) and steel fiber reinforced concrete (SFRC) under impact loading.

1.2 Motivation

Understanding the behavior of concrete under impact loading is very important to
evaluate the behavior of structures under loadings such as explosions, car crash
loads, etc. Once this behavior is understood, impact resistant structures can be
designed with enough confidence. This research is performed to understand the
impact behavior of CC and SFRC.



1.3 Objectives and Scope

This research investigated the experimental and analytical behavior of unreinforced
and reinforced concrete beams constructed from CC and SFRC under impact
loading. Dramix ZP-305 type steel fibers were used for SFRC. Half of beam
specimens were unreinforced and the others were reinforced with one 8 mm diameter
steel reinforcement fixed at center of specimen cross section. Concrete compressive
strengths used in this study were 12 MPa and 26 MPa for CC specimens and 35 MPa
for SFRC specimens. Beams specimens had 60x60x500 mm, 100x100x500 mm, and
150%150%x500 mm dimensions. The specimens were tested under impact loading
using a drop-hammer testing apparatus having a weight of 58.5 N. This weight was
dropped from various heights (1.20, 2.00, and 2.95 m for unreinforced specimens and
2.95, 3.00, and 3.04 m for reinforced specimens) based on specimen sizes. The slow
motion videos of the tested specimens were recorded using a high-speed camera
having a frame rate of 2000 fps. Experimental velocity-time curves for hammer were
obtained by analyzing of recorded impact videos using the TEMA Motion Analysis
Software. Beams, hammer, and supports were modeled in ANSYS Finite Element
Analysis Program and parameters related to modeling were calibrated based on the
test results. Riedel, Hiermaier, and Thoma (RHT) Concrete Model used in ANSYS
Dynamic Explicit AUTODYN solver was studied and compared to CC and SFRC

previous studies and stress-strain parameters were modified.

The most important difference of this research compared to the studies in the
literature was that the material properties of concrete and analysis options in

modeling were determined based on the motion of the steel hammer.

1.4 Thesis Organization

General introduction related to the subject of this thesis is given in Chapter 1.

The literature review related to application of impact loading on CC and SFRC are
presented in Chapter 2. The background related to the material models for CC and

SFRC is also explained in this chapter.



Details related to the experimental work are explained in Chapter 3.

In Chapter 4, the test results and discussion are presented.

An analytical work carried out to predict the velocity-time relationships of hammer is

explained in Chapter 5.

Conclusions obtained from the test results and analyses are presented in Chapter 6.

This chapter also includes recommendations for the future work.



2. BACKGROUND

2.1 Drop-Hammer Testing Apparatus

Different types of tests have been conducted to study the behavior the concrete
under impact loading. The ACI Committee 544 (1988) classified the impact tests
according to impacting mechanism. The monitored parameters during impact loading

were classified as follows:

Weighted pendulum Charpy-type impact test.
Drop-weight test (single or repeated impact).
Constant strain-rate test.

Projectile impact test.

Split-Hopkinson pressure bar (SHPB) test.
Explosive test.

N o o s~ w bR

Instrumented pendulum impact test.

The tests conducted for impact loading in the literature were various, such as some of
these tests were difficult to conduct. Due to the lack of data and variation of the
results, no standard impact test method was specified until 1988. ACI Committee
544 (1988) proposed a drop-hammer impact test set-up to evaluate the impact
resistance of concrete. Because this test set-up was simple, economical, and easy to

construct, thus, it became widely used afterwards.

2.1.1 Banthia et al. (1989)

The authors of this research described the details of a drop-hammer testing apparatus,
its instrumentation, calibration, and correction of internal loading. The impact
loading was applied on the specimens as compression, tension, and three-point
bending loading. The specimens consisted of five groups according to its concrete

mixture as following:



Normal strength plain concrete.

High strength plain concrete.

Normal strength polypropylene concrete.
Normal strength SFRC.

a M w0 D E

Conventional reinforced normal strength SFRC.

The materials with low strain at failure were associated as brittle materials. Concrete
showed stress-rate sensitivity in all three loading cases, compression, tension and
flexure. This indicated that statistically evaluated concrete properties in the
laboratory may not be directly used to predict the behavior of concrete under various
stress-rates of impact loading such as blast and earthquake. The authors concluded
that the constructed and instrumented drop-hammer testing apparatus might be
successfully used to test concrete under impact loading. This research indicated that
concrete was sensitive to loading stress-rate loading. Generally, the concrete was
stronger and had more absorption capacity when subjected to impact loading than

static loading.

2.1.2 Bindiganavile (2003)

The drop-hammer testing apparatuses might be designed for various hammer mass
systems, dropping heights, and release mechanism methods. The University of
British Columbia where this research was performed, conducted tests on three such
apparatuses for a wide range of impact loading possibilities. One of the aims for this
study was to implement a parametric study of drop-hammer testing to study the
influence of dropping height and mass of hammer on the impact response of plain
concrete. It was found that drop-hammer testing apparatus clearly affected the
apparent stress-rate sensitivity. For investigation of test energy, it was established
that dropping height was the most critical and important parameter for comparison of
test data for all the machines. The author emphasized that any future standard for
impact loading tests for concrete materials should give special importance to

dropping height, not to the mass of hammer.



213 Ravindrarajah and Lyte (2007)

In this research, two grades of concrete mixtures having compressive strengths of 30
and 45 MPa (normal concrete and polystyrene aggregate concrete) were tested under
impact loading using a drop-hammer testing apparatus having a 75 kgf (735.5 N)
hammer and 0.462 m dropping height. The load-time impact responses were
monitored. The results were used to describe the impact responses of concrete. The
maximum load and contact time were taken in consideration as significant
measurable quantities to identify the energy absorption capacity of concrete. The
results presented that polystyrene aggregate concrete yielded better behavior than the
normal concrete under impact loading due to its better quality of energy absorption
since polystyrene beads expanded in concrete specimens. Under the impact loading,
test represented that polystyrene concrete showed 28% increase in contact time and

18% lower maximum load compared to that of normal concrete.

2.1.4 Zhang et al. (2008)

Zhang et al. (2008) showed the main characteristics of their specially designed drop
hammer testing apparatus to study the dynamic behavior of concrete specimens
under impact loading. The apparatus and tested specimens are shown Figure 2-1 and
Figure 2-2. They found some difficulty to analyze the crack propagation, fracture,
and loading with fast ratio. The machine had two main parts, the mechanical installed
structure and the data collection system. The mechanical structure consisted of steel
hammer moving down and guided by two parallel steel columns impacting the
specimen at top center with energy of 7860 J. The data collection system consisted of
piezoelectric force rate sensors, accelerometers, and fiber optic photoelectric sensors

with signal and oscilloscope conditioners.

The authors presented the results of some preliminary tests that showed the
sensitivity of specimens to the rate of loading. The results showed that the drop-
hammer testing apparatus was successfully used to investigate the behavior of
concrete structure under impact load. Based on the results, it was concluded that
concrete had higher strength and more energy absorption capacity under impact

loading than under static loading as shown in Figure 2-3.
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2.15 Rao et al. (2011)

Rao et al. used a drop-hammer testing apparatus shown in Figure 2-4. In this study
concrete beam specimens having mixtures consisted of recycled coarse aggregate
material (RCA) were subjected to impact loading with low velocity. The amounts of
recycled aggregate concrete were the test variables. The RCA was supplied from
demolition of reinforced concrete culverts. Four concrete mixtures having 0%, 25%,
50%, and 100% RCA were prepared. The impact loading was applied to the
specimen having 100x150%x1150 mm dimensions. The results indicated that the
mixture having 25% RCA did not have any effect on concrete strength. It was stated
that for the same impact energy, the mixtures having 100% and 50% RCA were
significantly behaved better than the specimens having 25% RCA.
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2.16 Kantar et al. (2011)

Kantar et al. (2011) stated according to Kishi et al. (2002) and Barr and Baghli
(1988) that there was no confirmed standards or systems for impact loading test set-
up. But according to Siewert et al. (1999) (as cited in Kantar et al., 2011), ASTM
E23 regulations improved the test set-up implementation safely and assigned good

beginning points for the framework of impacts experiments.

In this research, total of ten specimens having 710x150x150 mm dimensions were
tested under impact loading using a steel hammer dropping from various heights.
Five of the specimens were cast using normal strength concrete without
reinforcement and the remaining five had high-strength concrete mixture without
reinforcement. The acceleration resulted from the impact load was measured wrt.
time. For all the specimens, the velocity changes, displacement, and energy were

calculated as shown in Figure 2-5. The modes of failure of normal- and high-strength
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concrete specimens are shown in Figure 2-6. The researchers in this study used
ABAQUS software package to model the behavior. The modeling yielded
compatible output results with experimental specimens as shown in Figure 2-7 and
Table 2-1. The results of the study stated that the generation of the model was very
hard due to the lack of previously obtained experimental data and standard test
procedure. It was found that the number of drops was a very important parameter for
impact loading. It was seen that the observed value of number of drops for high
compression strength specimens were significantly higher than that of specimens
with normal compressive strength. The difference of value of number of drops
between high and normal compressive strength specimens decreased when the
dropping height is increased. The specimens with normal strength concrete had more
ductility and more displacement than that of high-strength ones.
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Figure 2-5 — Experimental and analytical acceleration-time relationships obtained by
Kantar et al. (2011)
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Figure 2-6 — Typical failure mode of specimens obtained by Kantar et al. (2011)

Figure 2-7 — Modeling of specimens by Kantar et al. (2011)
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Table 2-1 — Comparison of results of tested specimens and analytical modeling
(Kantar et al., 2011)

Exlr;\erlmenth/ABAQUS Energy Experimental/ABAQUS

cceleration Ratio . Energyv Ratio

Min. Mo Experimental | ABAQUS qy
1.45 1.89 1.346 3.741 0.36
0.67 0.91 1.769 4.232 0.42
0.74 0.95 2.649 4.826 0.55
0.86 1.17 1.742 5.649 0.31
0.68 1.46 3.159 6.221 0.51
0.90 1.06 1.295 3.288 0.39
1.09 1.18 1.689 3.702 0.46
0.89 1.22 2.090 4.293 0.49
0.73 1.27 2.219 5.142 0.43
0.65 1.75 1.797 5.510 0.33

2.2 Impact Loading on CC and SFRC

Since the early 1800's, concrete as a material was used for construction worldwide. It
was known that concrete material was weak in tension. The failure of concrete under
tensile stresses was a sudden failure without any warnings. This brittle behavior was
due to its weakness under tensile forces. This behavior was clearly not desirable for
such a construction material. Therefore, concrete required reinforcement against

tensile forces to enhance its brittle behavior and to improve its tensile strength.

Through time, various materials have been added to concrete in order to enhance its
properties especially in tension. The steel fiber was one of the materials that became
widely used addition. This addition produced SFRC which improved many specific
characteristics and properties of concrete such as compressive strength, flexural
tensile strength, ductility, flexural toughness, crack resistance, and abrasion
resistance. Lately, SFRC technology has received more attention from researchers

and the concrete industry.

22.1 Mohammadi et al. (2009)

Mohammadi et al. (2009) investigated CC and SFRC specimens having various
SFRC ratios impact loading. A total of 108 specimens having 100x100x500 mm
dimensions were used. The specimens consists three volume fractions of corrugated
steel fibers, i.e. 1.0%, 1.5%, and 2.0%. For each SFRC mix, two different steel fiber
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sizes, 0.6x2.0x25 and 0.6x2.0x50 mm, were used. Number of blows of the falling
hammer required to induce first visible crack and the failure of specimen were
measured. The results showed that concrete containing long fibers with a 2.0%

volume fraction was the most effective under impact loading.

22.2 Weidner et al. (2012)

Weidner et al. (2012) studied the performance of concrete cylinders subjected to
impact loading using a drop-hammer testing apparatus. The apparatus consisted of a
steel hammer falling from a height of 16 ft. (4.88 m). The dropping height was
changed throughout the tests. 4x8 in. (101.6x203.2 mm) cylinder specimens were
cast with and without steel fibers. They also performed tests at elevated
temperatures. A data collection system was used to monitor the strains and load data.

Two high-speed cameras were also used to record the impact videos.

2.2.3 Wang and Wang (2013)

Five groups of steel fiber light-weight concrete (SFLWC) with various steel fiber
ratios of 0.0%, 0.5%, 1.0%, 1.5% and 2.0% were tested to study the influence of steel
fibers on the mechanical properties under static and impact loading. The mechanical
properties investigated under static loading were compressive strength, tensile
strength, flexural strength for first crack, flexural strength, flexural toughness, etc.
After implementation of series of drop-hammer tests, the impact resistance was also
obtained for SFLWC specimens. The test results represented that addition of steel
fiber can greatly enhance mechanical properties such as the splitting strength under
tensile loading, strength under flexural loading, toughness under flexural loading and
impact resistance. However, the influence of steel fibers on compressive strength was
limited. The test results showed that there was a logarithmic relationship between
flexural toughness energy of static flexural test and drop-hammer tests. Furthermore,
the researchers suggested that the optimum volume ratio of steel fibers was 1 to
1.5%.
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2.3 Material Models
23.1 CC in Compression

Based on the research performed by Bello (2014), Abdussalam (2015), Faeq (2015),
and Abdelmola (2018), the best model to for CC in compression was determined as
Popovics (1973). Therefore, Popovics (1973) model was used as the material model
to study the compressive behavior of CC in this research. The non-linear equation for
CC proposed by this model was as follows:

n

fo= fa-t Equation 2-1

nk
£,
Sy o1 {Er}
il &

where, fc is the stress at any point on the curve, fe is the concrete compressive
strength obtained from the cylinder test, & is the strain corresponding to the stress fc,

and & is the strain at peak stress.

The strain at peak stress, &o, constants n and k, and modulus of elasticity of concrete

(Ec) is defined as follows:

Error! Reference source not found. Error! Reference source not found. Error!

Reference source not found. Error! Reference source not found.

23.2 SFRC in Compression

Based on the research performed by Bello (2014), Abdussalam (2015), Faeq (2015),
and Abdelmola (2018), the best model to for SFRC in compression was determined
as Ezeldin and Balaguru (1992). Therefore, Ezeldin and Balaguru (1992) model was
used as the material model to study the compressive behavior of SFRC in this
research. The analytic expression, that was based on the one proposed by Carreira
and Chu (1985) for uniaxial compression of conventional plain concrete, included a
material parameter S, and it was the slope at the curve descending part. Ezeldin and
Balaguru (1992) stated the following as model for compression stress-strain curve for
SFRC:
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£ = B—m Equation 2-2

where, fer is the compressive strength of SFRC, ¢ s the strain, &y is the strain at peak

stress. 3 is the factor related to the effect of fiber on the descending part of the curve.

fef = fo + 351 (RI) Equation 2-3
RI = W x Ef ,fdf Equation 2-4
En; = £., + 446x107° (RI) Equation 2-5
£, = 0.002

B = 1.093 + 0.7132 (RI)~"*** (For hooked end fibers) Equation 2-6

where, Rl is the fiber reinforcement index by weight of straight fibers.

2.3.3 SFRC in Tension

Based on the research performed by Bello (2014), Abdussalam (2015), Faeq (2015),
and Abdelmola (2018), the best model to for SFRC in tension was determined as
Soranakom et al. (2008). Therefore, Soranakom et al. (2008) model was used as the
material model to study the tensile behavior of SFRC in this research. The model
included a linear stress-strain part up to the tensile strain point where the crack
happened. After which the post-cracking behavior is characterized by a decaying
stress-strain relationship. The contribution of fibers in the post-cracking response
was represented by an average constant post-cracking tensile parameter, o, which is

related to the fiber volume fraction and bond behavior of the matrix.

o, = E,, =056 ,/f_ (MPa) Equation 2-7
E = 4733 \[f, (MPa) Equation 2-8
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where, o is the cracking stress and fc is the maximum uniaxial cylinder compression
strength. The first crack tensile strain of the SFRC model was obtained assuming

Hooke’s Law as:

- 0.56 6.7 ) ) )
g, = Jer — '“,fi = '“fr,_ = 118 microstrain Equation 2-9
E 4733 /T, 57.000 /7,
— Sy _ 0025 2 i -
B.. ooy Tionio— 212 Equation 2-10
o, = pEe . : pl0=p=1 Equation 2-11

According to RILEM Model (2003):

£, = 0.025 Equation 2-12

The parameter p represent the post-cracking strength as a fraction of the cracking
tensile strength, o, The idealized tension model proposed by Soranakom et al.
(2008) is shown in Figure 2-8.

»Et

Etu = Btu‘gcr

!
L]
4

Figure 2-8 — Idealized tensile stress-strain relationship of SFRC (Soranakom et al.,
2008)
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234 Riedel, Hiermaier, and Thoma (RHT) Concrete Model in ANSYS
(Riedel et al. 1999)

The RHT Concrete model is advanced plasticity model for brittle materials
developed by Riedel et al. (1999). This model is readily available in ANSYS
AUTHODY N with default values for concrete C35 and C135 only.

The RHT constitutive model is a combined model consisting plasticity and shear
damage with deviatoric stress in the material which is limited by a generalized failure

surface through.

f(P.5,4,8,¢) = 0, — Yrpcip) * Feanip) * Raey * (F)aars(sy ~ Equation 2-13

This failure surface can be used to represent the aspects of the response of geological
materials such as pressure hardening, strain hardening, strain rate hardening, strain
softening, and third invariant dependence. In stress space, three pressure-dependent

surfaces, elastic limit surface, failure surface, and residual surface.

2341 Fracture Surface

The fracture surface is represented as follows:

Ng i1
Voo =f[AF . p*—p* ”F ‘Fnu]
rxe = felAzan( spa Rars) Equation 2-14

where, f, is the cylinder strength, A, _,, and N,_, are parameters defined by user,

Fail

P*is pressure normalized with respect to f., PZ,_, is the normalized hydrodynamic

piil

tensile limit, and Fy, - is a rate dependent enhancement factor.

There is an option to modify the fracture surface to fit through the experimentally
observed points at low pressures, while detained the flexibility to match points at

high pressures. This feature of fracture surface is described in Figure 2-9.
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Figure 2-9 — RHT representation of compressive meridian (Riedel et al., 1999)

2.34.2 Tensile and Compressive Meridians

In RHT model the difference between compressive and tensile meridian are
represented in terms of material strength through the term of third invariant

dependence (R3).

The third invariant dependence (R3) can be used to represent the reduction in
concrete strength that is observed under triaxial extension compared to triaxial
compression. The term of third invariant dependence (R3) is formulated according to

the following expression:

:[1—@11]w:&+-::qz—1>u'-+[1—qf]m:"&—-;qr:

Ry = S(1-% Jeos?e+(1-0, )" Equation 2-15

where,
vos(38) — %E_% Equation 2-16
Q, =Q,p +BQ.F’ Equation 2-17
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and

0.5<Q,<1,BQ = 0.0105 Equation 2-18

The input parameter Q. is defined as the strength ratio at zero value pressure and
the coefficient term BQ which expresses the transition of fracture surface from brittle
to ductile through transition from approximately triangular in from a circular with

increasing pressure. The third invariant dependence (Rs) is shown in Figure 2-10.

Oy Tensile
meridian

2 ?
Compressive
% n’}eridian

Figure 2-10 — The third invariant dependence (R3) (Riedel et al., 1999)

2343 Strain Hardening

Strain hardening is a bi-linear curve through defining the elastic limit surface and
hardening slope. The user defines the (elastic strength/f;) and (elastic strength/f;)
ratios by scaling the limit surfaces down from surface and hardening slope.

Therefore, the pre-peak fracture surface is defined through interpolation between the

fracture surfaces and elastic using the hardening slope, ( Cplastic ). Strain

Gelastic ~ Gp lastic

hardening according to:
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¥ — E‘F: s T . i

Y Ifﬂzﬁsric Enil:p?‘a—j'ofrgui;qg:l (‘fﬂ“ *glastic Equatlon 2 19
F
where,
Yo oo — ¥, .. G, .

e, (pre — softening) = <285 o ¢ slastic )

° 3G G =

glastic plastic

Equation 2-20

The bi-linear strain hardening function in uniaxial compression case is shown in
Figure 2-11.

f. *compratf=-==

Spf(p*,re-soft) -

>
1

v

Figure 2-11 — Bilinear strain hardening function in uniaxial compression case (Riedel
et al., 1999)

2344 Shear Damage

Shear damage is supposed to increase due to inelastic deviatoric strains (shear

cracking) using the following relationships:

D=5t
- Eﬁni!ura
Equation 2-21
E{;ni!ura — D-,(Pi' _ P:?m”)D: Equation 2-22
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where D; and D, are material constants used to show the damage effective strain as a
function of pressure. Accumulated damage can have two influences in the model,

reduction in strength (strain softening) and reduction in shear stiffness.

2345 Reduction in Strength (Strain Softening)

The present fracture surface for a specified level of damage is scaled down from the

intact surface using the following expressions:

Yi

Fracrured

=(1- Dj}?ﬂi!u:'a + DY

residual

Equation 2-23

where,

Y:l'iasidu:ﬂ ~ 'MIIR[B('PS jM!Y}il"C * SFMAX] Equation 2-24

Yx1c*SFMAX term is used to set the limits of maximum residual shear strength (for
material that damaged completely) and maximum fracture strength ratio (SFMAX)

of the present fracture strength.

2.3.4.6 Reduction in Shear Stiffness

The present shear modulus is defined through the following:

Gf:l':zcru:"ad = (1 - BJ Ga!nsric + DG:‘asidum! Equation 2-25

2.34.7 Porous Collapse Damage

This efficiently leads to the presumption that porous compaction results in a

reduction in deviatoric strength.

Figure 2-12 shows the final combination of elastic, fracture and residual failure

surfaces.
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Figure 2-12 — RHT elastic, fracture, and residual failure surfaces (Riedel et al., 1999)

2348 Strain Rate Effects

Strain rate effects are shown through reduction in fracture strength with plastic strain
rate. Two various terms can be used for tensile and compression with linear

interpolation that used in the mediate pressure regime.

[1 + (i) for P =1/3f (compression)
o

FRRE‘E £ 5
1 1+ (—) for P = 1/3f (tensile)
Fo Equation 2-26

where g = 0.000003 in tension and 0.00003 in compression.

2349 Tensile Failure

Tensile failure is defined by default using a hydrodynamic tensile limit. The material

maximum tensile pressure is limited to the following expression:

P=max[(1-D) =P, .. P(p.e)] Equation 2-27
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By using this option, the user is not required to enter any other additional input value
since the value of P, is derived from f;, which forms part of the input for the

strength model.

The model data for concrete with cube strengths of 35 MPa and 140 MPa are already
included in the distributed material library in ANSYS AUTODYN.

According to ANSYS Explicit Dynamics Analysis Guide, 2015; “The model is
formulated such that input can be scaled with the cube strength, f. i.e. you can
retrieve one of the two concretes in the library, change its cube strength to match the
concrete you want to model and the remaining terms will automatically scale
proportionately. The resulting data set will be approximate and we recommend
validation of the material data against experimental characterization tests in all

cases.”

The RHT concrete parameters input data are shown in Table 2-2.
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Table 2-2 — RHT concrete parameters input data (Riedel et al., 1999)

Name Symbol Units Notes
Shear Modulus G Stress
Compressive Strength fe Stress
Tensile Strength filfc None
Shear Strength fs/fe None
Intact failure surface N
constant A AFAIL one
Intact failure surface N
constant N NraiL one
Tens./Comp. Meridian ratio Q20 None
Brittle to Ductile Transition BQ None
Hardening Slope None Geil (Gei-Gpi)
Elastic Strength/fc None
Elastic Strength/ft None
Fracture Strength Constant B None
Fracture Strength Exponent m None
Compressive strain rate exponent a None
Tensile strain rate exponent ) None
Maximum fracture strength ratio |SFMAX None
Use cap on elastic surface None Option: Yes (default), No
Damage constant D, None
Damage constant D, None
Minimum strain to failure None
Residual Shear modulus fraction None
Tensile Failure Hydro, Principal Stress
Principal Tensile Failure Stress
Maximum Principal Stress
Stress Difference/2
Crack softening None Option: Yes (default), No
Fracture energy Gt Energy/Area
Option List:
Radial Return,
Flow Rule None No Bulking (Default),
Bulking (Associative)

Erosion Strain /

None

Instantaneous Geometric Strain
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Table 2-3 — Concrete EOS: p-a EOS input parameters (Riedel et al., 1999)

Name Symbol| Units Notes
Parameter Al Al Stress Even € quivalent to the
material bulk modulus
Parameter A2 A2 Stress
Parameter A3 A3 Stress
Parameter BO BO Stress
Parameter B1 B1 Stress

This value will be automatically
Parameter T1 T1 Stress | set to the material bulk modulus
if entered as zero.

Parameter T2 T2 Stress

. . . Density at pressure for
Solid Density ps | Density fully compacted material
Porous Density pp | Density
Porous Sound-speed Velocity

Initial compaction pressure Pe Stress
Solid compaction pressure Ps Stress
Compaction Exponent N None

2.3.4.10 Crack Softening Failure

The tensile crack softening model is a damage model based on fracture energy that
can be used with many various failure types for its initiation models to supply a
gradual decrease in the ability of an element to carry on tensile tress. The model is
initially used for study failure of brittle materials, but has been used to other
materials to decrease the effects of mesh dependency. Failure initiation model is
applicable base on any of the principal tensile failure models such as, Hydro,
Principal Stress-Strain. A softening linear slope is defined then to decrease the
ultimate possible main tensile stress in the material as a function of strain of crack.
This softening linear slope is defined as a function of the element local size and the
material parameter, the fracture energy, Gs. which represent the area under linear

slope as shown in Figure 2-13.
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Figure 2-13 — Tensile crack softening failure and Fracture energy G¢ (Riedel et al.,
1999)

The algorithm of crack softening can be used only with solid elements. It can be used
in combination with any solid equation of state, plasticity model or brittle strength

model. The Table 2-4 shows the input data for softening failure model.

Table 2-4 — The input data for softening failure model (Riedel et al., 1999)

Name Symbol Units Notes
Fracture Energy Gt |Energy/Area

Option List:
Radial Return,
No Bulking (Default),
Bulking (Associative)

Flow rule

2.4 Modeling Impact Behavior of CC and SFRC

Many researchers have modeled the impact behavior of CC and SFRC using finite

element software packages.

24.1 Leppéanen (2006)

Leppdanen (2006) achieved modeling of crack softening and strain rate dependency in
tension using AUTODYN. The researcher implemented parametric studies and
compared numerical analyses with conducted experiments in the literature. It was
concluded that the penetration depth was mainly dependent on concrete compressive

strength. For a correct model behavior, the importance of tensile strength, fracture
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energy, and strain rate were emphasized. It was also stated that the accuracy of the
results in the numerical analyses of concrete subjected to impact loading was
improved by using the law of bilinear softening and the tension modified strain rate

dependency.

24.2 Kantar et al. (2011)

Kantar et al. (2011) modeled the specimens subjected to drop-hammer loading. The
tests results in terms of acceleration-time diagrams and stress distribution were
compared to the results of the model constructed using ABAQUS software. They
stated that ABAQUS software had critical assumptions and was very hard to model

the behavior of beams due to its complexity.

24.3 Nystrom and Gylltoft (2011)

Nystrom and Gylltoft (2011) conducted numerical study and modeling of impact
load applied on plain and SFRC using ANSYS. The researchers used RHT material
model available in ANSYS Dynamic Explicit library with some modifications
including turning off the strain-rate dependence for the ultimate tensile strength,
using a principal-stress tensile-failure model instead of the hydrodynamic tensile
failure model and using a bi-linear crack-softening relation instead of a linear one. It

was concluded the model simulated the behavior of the specimens reasonably.

244 Haido and Musa, (2013)

Haido and Musa, (2013) performed modeling to investigate the cracking strength for
SFRC shallow beams that subjected to impact loads using ANSYS Software. It was
stated that fiber reinforced concrete (FRC) shallow beams were successfully modeled

using tetrahedral elements with RHT nonlinear concrete model.

24.5 Subramani et. al. (2014)

Subramani et. al. (2014) conducted non-linear finite element modeling using ANSY'S
Software Package to investigate the behavior of reinforced concrete structures

subjected to explosive loading. Researchers stated that performance of finite element
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analysis combined with blast and impacts of fragments were very complex. The RHT
model in AUTODYN showed good ability to predict both the blast penetration depth
and the crater size in concrete under projectile impact. For the mesh dependency, the

obtained results were in good agreement.

24.6 Yilmaz et al. (2014)

Yilmaz et al. (2014) conducted tests and modeling using ANSYS for unreinforced
beam specimens under static and low-velocity impact loading. The experimental and
ANSYS outputs including load-displacement relationships, energy dissipation
capacities, stiffnesses, and failure modes were discussed and compared. It was
concluded that the numerical results obtained from ANSYS modeling were in good

agreement with the experimental results.

24.7 Galuta and Regig (2017)

Galuta and Regig (2017) implemented numerical modeling of reinforced concrete
panels under high-velocity impact loading to study the effect of erosion input
parameter in ANSYS RHT model. It was stated that the erosion strain value and
mesh size had significant effects on the residual velocity of the impacting object and

the depth of penetration of concrete panel.

24.8 Hokes et al. (2006)

Hokes et al. (2006) performed modeling using ANSYS Finite Element Software
Package on experimental study that was conducted by Strauss et al. (2014). It was
stated that the main problem faced with nonlinear material model was the existence
of material parameters that was not known in advance. The model became
complicated due to the difficulty of choice of the correct type of element and the
correct bond between elements of meshes. Hokes et al. (2006) concluded that the
solution for the above problem could be achieved by applying an optimization
technique by comparing the model output curve with the experimental curve and

minimizing the difference between them.
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249 Badiger and Malipatil (2014)

Badiger and Malipatil (2014) conducted four point bending modeling and analysis
using ANSY'S for reinforced concrete beams. The researchers stated that modeling
beam without steel plates at four points of loading and supports showed more cracks
than the beam with steel plates. The researcher concluded that ANSYS Finite
Element Software Package could be used successfully as modeler to analyze

reinforced beams with accurate results.

2410 Vaiciunas et al. (2011)

Vaiciunas et al. (2011) performed experimental study and modeling to investigate the
behavior of reinforced concrete slab under impact loading. The researchers
conducted drop-hammer tests using steel hammer with 80 kgf weight falling from 2
m height with a velocity of 6.3 m/s. The finite element modeling was performed by
ANSYS Software Package. High-speed camera was used to record testing videos.
The researchers concluded that comparison of experimental and finite element

modeling outputs showed reasonable agreement.

24.11  Vasudevan et al. (2013)

Vasudevan et al. (2013) achieved experimental and non-linear finite element
modeling to study the behavior of reinforced concrete beam under impact loading.
The experimental work including drop-hammer tests on 2502002000 mm beam
specimens. The non-linear finite element modeling performed by ANSYS Software
Package. The researchers concluded that ANSYS results were in close agreement

with the experimental results.

2.5 High-Performance Fiber Reinforced Cementitious Composites
(HPFRCC)

FRC composites can be cateogrized into three groups:
e Group 1: FRC with low fiber volume fractions (<1%) which is mostly used to

decrease shrinkage cracks, as stated by Balaguru and Shah (1992).
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e Group 2: FRC with moderate fiber volume fractions (1% - 2%) which shows
enhanced mechanical properties such as better fracture toughness, greater
modulus of rupture (MOR), and enhanced impact resistance.

e Group 3: FRC with high fiber volume fractions (2%<) which has a different

strain-hardening behavior than the first two groups.

FRC with high fiber volume fractions was first developed by Naaman and Reinhardt
(1996) from a FRC matrix without coarse aggregates, and stated as fiber reinforced
cement mixture or mortar. The most important advantages of this material that was
called as HPFRCC compared to plain concrete and FRC was its high tensile ductility
and the strain hardening response. The tensile stress-strain relationships of plain
concrete, FRC, and HPFRCC are shown in Figure 2-14. Details of the regions in the
tensile stress-strain relationship of FRC and HPFRCC are shown in Figure 2-15. The
cracking behavior of plain concrete and FRC was similar since there was one crack
in the tested specimens. However, in HPFRCC there were multi-crack throughout the

length of the specimen.

Strain hardening, Localization

* Multiple cracking 7

a o
[ \
= B
@
‘@h
S
‘_
FRC

-

Strain, deformation

Figure 2-14 — Tensile stress-strain relationships of plain concrete, FRC, and
HPFRCC (Naaman and Reinhardt, 1996)
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Figure 2-15 — Details of the regions in the tensile stress-strain relationship of (a) FRC
and (b) HPFRCC (Naaman and Reinhardt, 1996)

Kim et al. (2009) implemented experimental study to investigate the behavior of
HPFRCC and normal concrete and conventional FRC. The authors declared that the
benefits of using HPFRCC included high load carrying capacity, better durability,
enhanced ductility, and greater energy absorption. These advantages were especially
preferred for structures subjected to special loading conditions such as earthquake,
impact and blast.

The SFRC mixture used in this research was a Group 2 FRC having moderate steel
fiber volume fraction. The behavior of this mixture in tension was completely
different from HPFRCC. The tested specimens in this research had one significant

crack as shown in Chapter 4.
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3. EXPERIMENTAL PROGRAM

3.1 General

This chapter describes the experimental program to investigate impact loading on
concrete beams. Test specimens, material properties, test set-ups, instrumentation,

test procedures are summarized in the following sections.

3.2 Test Specimens

The main parameters related to the test specimens were beam dimensions,
reinforcement, and type of concrete (low-strength concrete-LSC, normal-strength
concrete-NSC, and SFRC). Three different concrete beam specimens having
60x60x500, 100x100x500, and 150x150x500 mm dimensions were used in this
research. For each batch, half of the specimens were reinforced with one $8 mm steel
reinforcement located at geometric centroid of the cross-section of the beam
specimen. Other half did not have any reinforcement. Three concrete batches were
cast (namely C12, C26, SFRC35) in the scope of this research. The first batch having
12 MPa concrete target strength was simulating the LSC applications; the second
batch having 26 MPa concrete target strength was simulating the NSC applications;
and the third batch having 35 MPa concrete target strength was simulating the
concrete applications having steel fibers. Minimum three cylinders having 150300
mm dimensions and minimum three prismatic beams having 150x150x600 mm
dimensions were cast for each batch to evaluate the material properties. The details
of the testing program are shown in Table 3-1 and Table 3-2. The notation for the
labels of the specimens first includes two or three digit number indicating the
dimensions of the cross-section of the specimen, eg. 60 is for 60x60 specimen, etc.
The letter/letters after these numbers indicate/indicates the concrete type, eg. C
stands for CC and SFRC stands for SFRC. The numbers after concrete type indicate
the concrete compressive strength in MPa, eg. 26 means 26 MPa. After concrete
strength, if there is a letter “R” it shows that the specimen is reinforced. If no letter
appears after the compressive strength, that means the specimens are unreinforced.
The last numbers after “-” indicates the repeatation of the specimen for each group,
eg. -1, -2, and -3. Batch 1 specimens were cast on 28/03/2017 and tested on
26/04/2017 (Group 1, 3,5, 7, 9, and 11 specimens). Batch 2 specimens were cast on
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21/08/2017 and tested on 20/09/2017 (Groups 2, 4, 6, 8, 10, and 12 specimens).
Batch 3 specimens were cast on 23/08/2017 and tested on 21/09/2017 (Group 13 to
18 specimens). General views of the specimens are shown in Figure 3-1.

Table 3-1 — Details of the beam specimens (CC specimens)

Group| Specimen Concrete Section | Length Droppin
No Pl =P D Compressive Cross-Section (mr?w) Reinforcement Hei E}f(ng)
Strength (MPa) (mm) 9
60C12-1
12.0
1| 60C12-2 | maien-Lsc)
60C12-3 60x60 1.20
60C26-1 26.0 '
2 60C26-2 '
600263 (Batch 2 - NSC)
100C12-1
12.0
3 ERL2-2 (Batch 1 - LSC)
100C12-3 .
100x100 Unreinforced 2.00
100C26-1 26.0
4 100C26-2 '
1000263 (Batch 2 - NSC)
150C12-1
12.0
5 | 180C122 | pyien-Lsc)
150G A 150x150 2.95
150C26-1 26.0 '
6 150C26-2 '
1500263 (Batch 2 - NSC) 500
60C12R-1
12.0
7 60C12R-2
60C12R-3 (Batch 1- LSC) 60x60 204
60C26R-1 26.0 '
8 60C26R-2 '
50C26R3 (Batch 2 - NSC)
o foocimz] . 120
(Batch 1 - LSC)
100C12R-3 100x100 1 3.00
100C26R-1 260 ¢8 mm :
10 | 100C26R-2 '
100C26R3 (Batch 2 - NSC)
o [2SE
(Batch 1 - LSC)
150C12R-3 150x150 2.95
150C26R-1 26.0 '
12 | 150C26R-2 '
150C26R3 (Batch 2 - NSC)

33



Table 3-2 — Details of the beam specimens (SFRC specimens)

Group
No

Specimen
ID

Concrete
Compressive
Strength (MPa)

Cross-Section
(mm)

Length
(mm)

Reinforcement

Dropping
Height (m)

13-a

60SFRC35-1

60SFRC35-2

13-b

60SFRC35-3

14

60SFRC35R-1

60SFRC35R-2

60SFRC35R-3

15

100SFRC35-1

100SFRC35-2

100SFRC35-3

35.0

16

100SFRC35R-1

(Batch 3 - SFRC)

100SFRC35R-2

100SFRC35R-3

17

150SFRC35-1

150SFRC35-2

150SFRC35-3

18

150SFRC35R-1

150SFRC35R-2

150SFRC35R-3

60x60

100x100

150x150

500

Unreinforced

3.04

1.20

168 mm

3.04

Unreinforced

2.00

168 mm

3.00

Unreinforced

2.95

168 mm

2.95

a=100x100 mm
a=150x150 mm €

3.3

33.1

500 mm

gIE

>

-

a
a=60x60 mm

g’

420 mm

500 mm

adlis

Unreinforced
Specimeens

Reinforced

Figure 3-1 — General and cross-sectional views of the specimens

Materials

Concrete

. ,@” Specimeens (148)

The all the mixtures, materials that regularly used in concrete mixtures including

ordinary Portland Cement (CC 32.5), clean tap water, river sand having sizes

between 0 and 4 mm, fine aggregate having sizes between 4 and 16 mm, coarse

aggregate having sizes between 15 to 25 mm were used in this research. Glenium

ACE 450 superplasticizer was also used to adjust the mixture fluidity of the mixture.
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For SFRC mixtures, steel fibers were added 1% by volume (3% by weight) to the
mixture. The concrete mixture proportions used in this research are shown in Table
3-3. Proportioning of materials was performed using a calibrated digital weighing
scale where quantity of each material was measured before mixing is shown in
Figure 3-2.

Table 3-3 — Concrete mixture proportions

. Quantity (kgf)
Materials  15otch T-LSC[Batch 2- NSC| Batch 3- SFRC
Cement 392 392 392
Sand 883 883 883
Fine aggregate 432 432 432
Coarse aggregate 569 569 569
Steel fiber - - 75.5
Water 392 196 143
Superplastisizer - - 0.98

Figure 3-2 — Materials proportioning

3.3.2 Steel Fibers

Based on the literature review results, hooked end steel fiber was the most effective
to enhance the properties of bonding to hold the crack, increase the ductility and
absorb the energy under impact loading. Therefore, the hooked ended Dramix ZP

305 type steel fibers were used in the composite concrete mixture for the SFRC
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specimens. Mechanical properties of the steel fibers provided by the manufacturer
are shown in Table 3-4. A photograph of the steel fibers at the mixing stage is shown
in Figure 3-3.

Table 3-4 — Properties of steel fibers

Effective | Equivalent Aspect Young’s | Tensile Densi
Length | Diameter Ratio Modulus | Strength (Kgf/m®)
(mm) (mm) (MPa) | (MPa)
30 0.55 55 | 210000 | 1345 7850

Figure 3-3 — Steel fibers at the mixing stage

3.3.3 Reinforcement

Deformed reinforcing steel bars having a minimum vyield strength of 420 MPa were

used to reinforce the reinforced concrete specimens.

3.4  Specimen Preparation
3.4.1 Molds, Formworks, and Reinforcement

Steel cylinder molds having 150300 mm and steel prisms having 150x150x600 mm
dimensions were used to determine the material properties (compressive strength and

modulus of rupture of the specimens) for each batch as shown in Figure 3-4.
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Formwork for beam specimens were constructed using plywood for three sizes,
60x%60x500, 100%x100x500, and 150x150x500 mm. These formworks were used for
both the reinforced and unreinforced specimens. For reinforced specimens, a hole
was drilled at the geometric centroid of the cross-section and reinforcement was
located to the necessary location. Preparations of the formworks are shown in Figure
3-5. Typical formworks for unreinforced and reinforced beam specimens are shown
in Figure 3-6.

Figure 3-4 — Cylinder and prism molds
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Figure 3-5 — Preparations of formworks for 60x60x500, 100x100x500, and

150%150%500 mm beam specimens

. + = ; = .1
Figure 3-6 — Formworks for 60x60x500, 100x100x500, and 150x150x500 mm

beam specimens before casting
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3.4.2 Concrete Mixing

A stationary tilting drum mixer was used to mix the concrete mixtures. The mixer
bucket had the ability to revolve in clockwise and counterclockwise directions to
avoid segregation, mortar balling, and hard workability. Sand, fine, and coarse
aggregates and portland cement were placed into the mixer bucket and mixed
approximately for three minutes. For the SFRC mixtures, steel fibers were added to
the mixing bucket while the mixer was revolving. For SFRC mixtures, the mixture
was mixed for three more minutes after the fibers are added. After the materials are
mixed enough in dry condition, 80% of required water was added into mixing bucket
during. The mixture was mixed for 5 minutes before the superplasticizer and the
remaining water (20% of required) were added. The mixture was mixed
approximately for another 10 minutes or until the desired workability was obtained.
The mixing time was a little longer for SFRC mixtures compared to others. A
photograph of the mixing of materials is showed in Figure 3-7. Slump tests based on
ASTM C143 was performed to evaluate the workability of the mixture. The target
slump used in this research was approximately 60 mm which indicated to slump with

medium workability as shown in Figure 3-8.

Figure 3-7 — Mixing of materials
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Figure 3-8 — Slump test

3.4.3 Casting and Curing

For each concrete batch, minimum three 150x300 mm cylindrical and three
150x150x600 mm prismatic concrete specimens were cast along with the 18 beam
specimens. Each group of specimens had a repeatability of three. Therefore a total of
18 beam specimens consisting of three different cross-sections and presence of

reinforcement or not were cast for each batch.

Before casting, all molds and formworks were cleaned and form release was applied
on their inner surfaces for removal of specimens easily. During casting, the concrete
in molds and formworks were compacted using a tamping rod and plastic hammer
according to ASTM C192. Photographs related to casting are shown in Figure 3-9 to
Figure 3-12.
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Figure 3-9 — Placing concrete into molds and formworks
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Casting of Concrete Specimens - Bai
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Figure 3-11 — Casting of specimens - Batch 2 (CC)
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Flgure 3-12 - Casting of specimens — Batch 3 (SFRC)

After casting, the concrete specimens were set to dry and kept in molds and
formworks during the first twenty four hours. Wet burlap was used to cover the
specimens to minimize loss of moisture content due to evaporation. Appropriate
curing was performed by making the specimens sufficiently wet using the water
spray on the specimens covered with wet burlap as shown in Figure 3-13. Similar

curing procedure was performed for cylinders, prisms, and beam specimens of the
same batch.
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Figure 3-13 — Curing of specimens

3.4.4 Test Set-Ups and Procedures

Three types of tests were conducted in the scope of this research. Compression tests
were performed to determine the test day concrete compressive strength of cylinders.
Three-point bending tests were performed to investigate the flexural tensile strength
prism specimens. Drop-hammer tests were conducted to evaluate the behavior of
beam specimens under impact loading.

3.4.4.1 Compressive Strength Tests

Cylinders having 150300 mm dimensions were tested under compression to

evaluate the compressive strength based on ASTM C39 as shown in Figure 3-14 to

Figure 3-17. These tests were performed on the day when or one day before the beam
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specimens were tested under impact loading. The tests were performed using a
hydraulic compression testing machine having a 1500 kN capacity. Before testing,
the top and bottom surfaces of cylinder specimens were cut and smoothed using a
concrete cutter machine. This helped the specimens achieving a smooth contact with
the testing machine plates and uniformly distributing the compressive forces on the
cylinder. For cylinders size 150x300 mm, the compression load cell is used in
compressive strength test machine to collect the load values. Load was applied at the
rate of 0.25 MPa/sec approximately by control the setting lever that was attached to
the testing machine. Compressive load was applied to each cylinder until failure
occurred. The maximum and average values of the compressive strength evaluated
and obtained from cylinder compressive load values for each tested cylinder divided

by the initial area of tested cylinder cross section.

Figure 3-14 — Compressive strength tests
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Figure 3-16 — Compressive strength tests of specimens of Batch 2 (CC)
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Figure 3-17 — Compressive strength tests of specimens of Batch 3 (SFRC)

3.4.4.2 Flexural Tensile Strength Tests

Prisms having 150x150x600 mm dimensions were tested under four-point loading to
evaluate the flexural tensile according to ASTM C78 as shown in Figure 3-18. These
tests were performed on the day when or one day before the beam specimens were
tested under impact loading. The tests were performed using a hydraulic compression
testing machine having a 1500 kN capacity. A load cell having 100 kN capacity and
two 20 mm linear variable displacement transducers (LVDT) were used to measure
the load and the deflection of the prisms at the mid-span. The data was monitored

recorded using a data acquisition system.
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Figure 3-18 — Flexural strength tests (four-point bending)

3.4.4.3 Impact Behavior Tests
The beam specimens having 60x60x500, 100x100x500, and 150x150%x500 mm

dimensions were tested under impact loading using a drop-hammer testing apparatus.
This apparatus consists of a steel hammer falling from a specific height on the
specimen freely under the gravitational acceleration. Many researchers used similar
devices to apply impact loading on specimens. However, Kishi et al. (2002) and Barr
and Baghli (1988) stated that there was no confirmed standards or systems for impact
loading testing up to nowadays’ studies. According to Siewert et al. (1999), ASTM
E23 regulations improved the test set-up implementation safely and assigned good

beginning points for the borders of impacts experiments.

3.4.43.1 Construction of Drop-Hammer Testing Apparatus

Based on the results of the literature review, a drop-hammer testing apparatus having
the following aspects was intended to be constructed:

e Verysimple and lightweight.

e Moderate weight hammer to be used easily by an operator.

o Easy to construct, re-fix and transfer to any place as required.
e Changeable dropping heights up to 3 m height.

o Easy release system for the hammer.

Based on these ideas, the drop-hammer testing apparatus constructed in this research
consisted of a steel hammer and a steel I-beam carrying a 3 m plastic pipe having 75
mm diameter perpendicularly. The beam specimens were simply supported under the

plastic tube for the impact testing. The total length of the beams was 500 mm and the
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gage length between the pin and roller supports were 420 mm (Figure 3-1). A white
board marked with lines at every 5 cm horizontal distances were used to monitor and

measure the velocity of the hammer and beam specimens.

The load was applied using a 5.96 kgf steel hammer falling freely from
predetermined height. A pulley at the top of the assembly was used to move the
hammer in vertical direction. A long steel wire was connected to top of the hammer
and this wire was passing through the pulley. This wire was pulled down to move the
hammer up till the necessary height is reached for each specimen. The wire was
released to start the test and hammer started to move freely downwards. A schematic
view of the drop-hammer testing apparatus constructed in the scope of this research
is shown in Figure 3-19. Photographs related to the construction process are shown
in Figure 3-20. A closer view of the hammer used in this research is shown in Figure
3-21.

Pullev

Steel Wire

Pulling and Releasing Plastic Pipe

of Steel Wire

Figure 3-19 — Schematic view of the drop-hammer testing apparatus used in this

research
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Figure 3-21 — Steel hammer used in this research
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3.4.4.3.2 Trial Tests, Video Recording, and Analysis

After the construction of the drop-hammer testing apparatus, numerous trial tests
were performed. The initial trial tests were conducted using beams made of any
material (such as wood, concrete, steel, etc.). The weight was dropped on these
beams and the video images were recorded using various camera including Sony
HDR-CX240 HD Camcorder, iPhone 5, iPhone 7, and Canon D60 having various
frame rates per second (fps) as shown in Figure 3-22. When the recorded videos
using light projectors were analyzed, it was discovered that the indoor lightings for
the recordings were not enough to capture the desired motion quality. Therefore, the
drop-hammer testing apparatus was moved outdoors as shown in Figure 3-23 and the
trial tests were continued under sunlight. However, the desired number of fps for a
better slow motion video was still not achieved. A more powerful camera (Photron
FASTCAM MC2.1-10K) was supplied from Atilim University Mechatronics
Engineering Department. Using this advanced high-speed camera, the slow motion
videos having up to 2000 fps could be achieved, which was good enough for the
requirements of this research. A photograph of the recording of an outdoor test is
shown in Figure 3-24. Specifications related to Photron FASTCAM MC2.1-10K

advanced high-speed camera is given in the Appendices.

Figure 3-22 — Cameras used in trial tests
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Figure 3-23 — Drop-hammer testing apparatus at different locations (indoors and

outdoors)

Figure 3-24 — Recording of test videos using high-speed camera
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The video recordings obtained by the high-speed camera were analyzed using TEMA

Motion Software as shown in Figure 3-25.

AT i”" | z: THIm ] o 5 T
Figure 3-25 — Analysis of test videos using TEMA Motion Software

3.4.4.3.3 Dropping Heights Calculations

The maximum energy of the constructed drop-hammer testing apparatus used in this
research was calculated based on the maximum usable dropping height, which was
equal to 2.95 m. The potential energy (PE) of the hammer was calculated using the
following equation:

PE = mxgxh Equation 3-1

where PE is the potential energy in J., m is hammer mass in kg, g is the gravitational
acceleration (9.81 m/s?), and h is dropping height in m. The maximum potential
energy of the hammer was calculated as 17.85 J. and this was applied to the
specimen having the largest cross-sectional dimensions (150x150x500 mm). The
energies for other specimens (60x60x500 and 100x100x500 mm) were calculated
based on the ratio of the cross-section dimension to the largest specimen
(150%150x500 mm). The energies for other specimens were determined as 7.03 and
11.72 J. for 60x60x500 and 100x100x500 mm specimens, respectively.

The dropping heights of the hammer for various specimen groups are shown in Table
3-1 and Table 3-2, and in Figure 2-8.
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Figure 3-26 — Dropping heights for various specimens

3.4.4.3.4 Impact Testing Procedure

The first requirement for impact testing was related to the weather conditions, since
the video recordings shall be performed in a sunny and not windy weather. The
pulley must be greased to minimize friction. The specimen was placed on top of the
supports under the drop-hammer testing apparatus. The white board marked with
horizontal lines was located at the back of the specimen. The hammer is marked with

test marker to follow the motion using the high-speed camera.

The high-speed camera and the computer shall be checked. A plexiglass must be
placed between the camera and the test specimens to avoid any damage of the

camera due to fragments of concrete moving with high speeds after impact.

The test was conducted by two people; one controlling the camera and computer,

other pulling and releasing the hammer. When the camera became ready, the person
54



responsible from the camera and computer started the test. The hammer was moved
up and the wire was released for impact loading. After the specimen was hit by the
hammer, the test and recording of the camera was stopped. All the steps are repeated
for each specimen.

Specimens cast using Batch 1, 2, and 3 were impact tested on 26/04/2017,
20/09/2017, and 21/09/2017, respectively. Related photos of impact testing are
shown in Figure 3-27 to Figure 3-29.

Experimental Te

Figure 3-27 — Impact behavior tests - Batch 1
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Figure 3-28 — Impact behavior tests - Batch 2

— R,

Figure 3-29 — Impact behavior tests - Batch 3
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4. RESULTS AND DISCUSSIONS

41 General

In this chapter, test results obtained from 150x300 mm cylinders under compression,
150%150%x600 mm prismatic beams under flexure, and 60x60x500, 100x100x500,
and 150x150x500 mm beams with and without reinforcement under impact loading
are presented in tabular and graphical forms. Comments were made based on visual
observations during the testing. Comparisons and discussions were performed based

on these results.

4.2 Compressive Strength Test Results

According to the visual observations during compressive strength tests on 150x300
mm cylinders, CC cylinders showed a brittle and sudden failure mode of directly
after reaching the maximum strength values. The failure mode of specimens having
NSC was sudden and more brittle than that of specimens having LSC. SFRC
specimens sustained a considerable amount of compressive load for a longer period
of time. Typical failure modes of CC and SFRC cylinders are shown in Figure 4-1
and Figure 4-2.
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Figure 4-1 — Typical failure mode of CC cylinders under compression
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Figure 4-2 — Typical failure mode of SFRC cylinders under compression

The load and time values were recorded during the tests. Strength values were
calculated by dividing the ultimate load values to the area of the specimens. The
strength values obtained from compression tests of all the batches are shown in Table

4-1. The concrete compressive strengths of Batch 1, 2, and 3 were 11.929, 25.987,
and 34.940 MPa, respectively.
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Table 4-1 — Average measured concrete compressive strengths of batches

Average Measured
Batch No Compressive Strength (MPa)
1 (LSC-CC) 11.969
2 (NSC-CC) 25.987
3 (SFRC) 34.948

4.3 Flexural Tensile Strength Test Results

According to the visual observations during flexural tensile strength tests on
150%150%600 mm prisms, CC specimens showed a brittle and sudden failure mode
with two pieces directly after cracking of concrete. However, specimens having
SFRC did not break into two when the first crack appeared. The failure mode was
ductile. Typical failure modes of CC and SFRC prisms are shown in Figure 4-3 to
Figure 4-5.

Figure 4-3 — Typical failure mode of CC prisms under flexure 1
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Figure 4-5 — Typical failure mode of SFRC prisms under flexure
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The load and displacement at mid-span values were recorded during the tests. The
flexural tensile strength values obtained from flexural tests of all the batches are
shown in Table 4-2. The concrete flexural tensile strengths of Batch 1, 2, and 3 were
1.985, 2.954, and 3.543 MPa, respectively.

Table 4-2 — Average measured concrete flexural tensile strengths of batches

Average Measured Flexural

Batch No Tensile Strength (MPa)
1 (LSC-CC) 1.985
2 (NSC-CC) 2.954

3 (SFRC) 3.543

4.4 Impact Behavior Test Results

For the same batch, all the cylinders were tested under compression and all the
prisms were tested under flexural tension on the same day or a day before the beam

specimens were tested under impact loading.

During testing, concrete beam was hit by steel hammer with its maximum impact
velocity while the concrete beam was in static condition with zero velocity.
Immediately after the impact moment, the velocity of hammer decreased
significantly due to the transfer of energy to the beam. At this moment, the velocity
of the beam increased significantly from zero to a velocity greater than the velocity

of the hammer resulting in a disconnection of beam and hammer.

The failure modes of all the specimens are shown in Figure 4-6, Figure 4-7, and,
Figure 4-8 for unreinforced CC 12 MPa specimens, CC 26 MPa specimens, and,
SFRC 12 MPa specimens, respectively, and in Figure 4-9, Figure 4-10 and Figure
4-11 for reinforced CC 12 MPa specimens, CC 26 MPa specimens, and, SFRC 12

MPa specimens, respectively.
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Figure 4-6 — Failure modes of Batch 1 LSC unreinforced specimens (Groups 1, 3,
and 5)
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Figure 4-7 — Failure modes of Batch 2 NSC unreinforced specimens (Groups 2, 4,
and 6)
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Figure 4-8 — Failure modes of Batch 3 SFRC unreinforced specimens (Groups 13,
15, and 17)
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Figure 4-9 — Failure modes of Batch 1 LSC reinforced specimens (Groups 7, 9, and
11)
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Figure 4-10 — Failure modes of Batch 2 NSC reinforced specimens (Groups 8, 10,
and 12)
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Figure 4-11 — Failure modes of Batch 3 SFRC reinforced specimens (Groups 14, 16,
and 18)

The specimens of unreinforced Groups 1 to 6 (LSC and NSC) split into two pieces,
both pieces having different motions due to different support conditions (pin at one

end and roller at the other).

For SFRC unreinforced specimens, Group 13 (60x60x500 mm) specimens split into
two pieces. For Group 15 (100x100x500 mm) specimens, 2/3 of the specimens split
into two pieces, while 1/3 of the specimens had cracks propagated from beam mid-

span up to 80 mm.

When the unreinforced CC specimens are compared, the velocities of the hammer
after the impact were highest for Group 1 and 2 specimens (60x60x500 mm LSC and
NSC unreinforced) and lowest for Group 5 and 6 specimens (150x150x500 mm LSC

and NSC unreinforced). The impact test results for unreinforced specimens showed
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that flexural cracks propagated from bottom to top at the center of all the specimens.

All beam specimens ended up in two pieces at the mid-span.

When the reinforced CC specimens are compared, the velocities of the hammer after
the impact were highest for Group 7 and 8 specimens (60x60x500 mm LSC and
NSC reinforced) and lowest for Group 11 and 12 specimens (150150500 mm LSC
and NSC reinforced). All beam specimens were bent at the mid-span. The flexural
bending was highest for Group 7 and 8 specimens (60x60x500 mm LSC and NSC
reinforced) and lowest for Group 11 and 12 specimens (150x150x500 mm LSC and
NSC reinforced).

The velocities of the hammer after the impact for unreinforced SFRC beams were
highest for Group 13-a and 13-b specimens (60x60x500 mm SFRC unreinforced)
and lowest for Group 17 specimens (150x150x500 mm SFRC unreinforced).

The velocities of the hammer after the impact for reinforced SFRC specimens were
highest for Group 14 specimens (60x60x500 mm SFRC reinforced) and lowest for
Group 18 specimens (150x150x500 mm SFRC reinforced). The impact test results
showed that flexural cracks propagated from bottom to top at the center of all the
specimens. All reinforced beam specimens were bent at the mid-span. The flexural
bending was highest for Group 14 specimens (60x60x500 mm SFRC reinforced) and
lowest for Group 18 specimens (150x150x500 mm SFRC reinforced). For
unreinforced beam specimens, all Group 13-a, 13-b specimens (60x60x500 mm
SFRC unreinforced) and Group 15 specimens (100x100x500 mm SFRC
unreinforced) ended up in two pieces at the mid-span. For Group 17 specimens
(150%x150x500 mm SFRC unreinforced), the cracks propagated from bottom to top at

the mid-span.

The experimental velocity-time relationships for LSC, NSC, and SFRC specimens

are shown in Figure 4-12 to Figure 4-29.
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Figure 4-12 — Experimental velocity-time relationships of hammer for 60x60x500

mm unreinforced LSC specimens
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Figure 4-13 — Experimental velocity-time relationships of hammer for 60x60x500

mm unreinforced NSC specimens
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Figure 4-14 — Experimental velocity-time relationships of hammer for 60x60x500

mm unreinforced SFRC specimens
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Figure 4-15 — Experimental velocity-time relationships of hammer for 100x100x500

mm unreinforced LSC specimens
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Figure 4-16 — Experimental velocity-time relationships of hammer for 100x100x500

mm unreinforced NSC specimens
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Figure 4-17 — Experimental velocity-time relationships of hammer for 100x100x500

mm unreinforced SFRC specimens
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Figure 4-18 — Experimental velocity-time relationships of hammer for 150x150x500

mm unreinforced LSC specimens
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Figure 4-19 — Experimental velocity-time relationships of hammer for 150x150x500

mm unreinforced NSC specimens
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Figure 4-20 — Experimental velocity-time relationships of hammer for 150x150x500

mm unreinforced SFRC specimens
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Figure 4-21 — Experimental velocity-time relationships of hammer for 60x60x500

mm reinforced LSC specimens
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Figure 4-22 — Experimental velocity-time relationships of hammer for 60x60x500

mm reinforced NSC specimens
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Figure 4-23 — Experimental velocity-time relationships of hammer for 60x60x500

mm reinforced SFRC specimens
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Figure 4-24 — Experimental velocity-time relationships of hammer for 100x100x500

mm reinforced LSC specimens
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Figure 4-25 — Experimental velocity-time relationships of hammer for 100x100x500

mm reinforced NSC specimens
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Figure 4-26 — Experimental velocity-time relationships of hammer for 100x100x500

mm reinforced SFRC specimens
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Figure 4-27 — Experimental velocity-time relationships of hammer for 150x150x500

mm reinforced LSC specimens
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Figure 4-28 — Experimental velocity-time relationships of hammer for 150x150x500

mm reinforced NSC specimens
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Figure 4-29 — Experimental velocity-time relationships of hammer for 150x150x500

mm reinforced SFRC specimens
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5. ANALYTICALWORK

5.1 General

Modeling and analysis using finite element method (FEM) became very common for
the researchers and research centers. A huge number of software packages is
available in market conducting FEM based analysis. ANSYS Finite Element
Software is considered to be one of the most well-known programs used by many
researchers worldwide. In this study, ANSYS Workbench Version 15.0 was used
based on the findings of the literature review. Other software packages such as
ABAQUS had more difficulties and complexities in modeling than that of ANSYS.
Kantar et al. (2011) stated that ABAQUS FEM Software had critical assumptions.
Due to the uncertainties and complexities of ABAQUS FEM Software, the modeling

became very hard.

5.1.1 Finite Element Modeling

The modeling using ANSY'S Finite Element Software included defining the testing
environment similar to experimental details such as material properties (steel
hammer, steel supports, steel reinforcement bar, and concrete), dimensions, and
hammer velocities. Based on the literature review, it was concluded that the impact
loading can best be simulated when ANSYS Explicit Dynamics Method (EDM) was
used. Therefore, the information related to testing was defined as dynamic explicit in
ANSYS software environment. Detailed parametric studies were performed for all

the parameters of modeling explained in this section.

5.1.2 Geometry

Beam, hammer, support 1, and support 2 were modeled in the ANSYS Finite
Element Software. General view of the model is shown in Figure 5-1. Details related
to modeling parameters of each of these elements are shown in Table 5-1, Table 5-2,
and Table 5-3.
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Figure 5-1 — General view of model

Table 5-1 — Details related to modeling of beams

Cross-Section (mm)[60x60]100x100] 150x150
Material Concrete
X-Length (m) 0.5

Y-Length(m) 0.06 | 0.10 0.15
Z-Length(m) 0.06 | 0.10 0.15

X-Centroid (m) 0

Y-Centroid (m) | 0.03 | 0.05 0.075

Z-Centroid (m) | 0.03 | 0.05 0.075

# of Nodes 2499 | 2240 2106

# of Elements 1800 | 1666 1600

Table 5-2 — Details related to modeling of hammer
Cross-Section(mm) | 60x60 [100x100]150x150

Material Steel
X-Length (m) 0.0700
Y-Length (m) 0.2000
Z-Length(m) 0.0700

X-Centroid (m) -0.000441

Y-Centroid (m) |0.16442| 0.20442 | 0.25442
Z-Centroid (m) 0.03 0.05 0.075
# of Nodes 1960 616 308
# of Elements 1634 455 210

80



Table 5-3 — Details related to modeling of supports

Support 1 Support 2
Cross-Section(mm) | 60x60 [100x100]150x150/60x60]100x100]150x150
Material Steel
X-Length (m) 0.03
Y-Length (m) 0.015
Z-Length(m) 006 ] 010 | 015 [0.06] 010 [ 0.15
X-Centroid (m) -0.210 0.210
Y-Centroid (m) -0.009 -0.009
Z-Centroid (m) 0.03 | 0.05 0.075 | 0.03 | 0.05 0.075
# of Nodes 84 132 192 84 132 192
# of Elements 42 72 105 42 72 105

5.1.3 Material Properties

The materials used in modeling were concrete for beam specimens and steel for
hammer and supports. ANSYS Explicit Dynamics modeling includes of a number of
material models for concrete and steel. Based on the literature review, the RHT
concrete model developed by Riedel et al. (1999) was the most appropriate model to
simulate the concrete behavior under impact loading. The RHT model was also
readily available in the library of ANSYS AUTODYN Explicit Dynamic. Therefore,

the RHT concrete model was used to model the concrete beams in this research.

In RHT model, the concrete strength was defined as concrete compressive strength of
a cube specimen. Therefore the cylinder strengths obtained in the scope of this
research were converted to cube strength by dividing the cylinder strengths to 0.85.
The default variables for material properties of concrete and steel defined in

modeling are shown in Table 5-4 and Table 5-5, respectively.
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Table 5-4 — Material properties of concrete defined in modeling (RHT Concrete

model)
Property | Units | Value
RHT Concrete Model
Density kgf/m® 2328
Compressive Strength, f. (strength of cube)| MPa |14.1 (LSC) or 30.6 (NSC)
Tensile to Compressive Strength, f/f. None 0.08
Shear to Compressive Strength, fJ/f. None 0.18 (default)
Intact failure surface constant, Aga;. None 1.6 (default)
Intact failure surface exponent, Nea None 0.61 (default)
Tens./Comp. Meridian ratio, Q. None 0.6805 (default)
Brittle to Ductile Transition, BQ None 0.0105 (default)
Hardening Slope None 2 (default)
Elastic Strength/f; None 0.7 (default)
Elastic Strength/f. None 0.53 (default)
Fracture Strength Constant, B None 1.6 (default)
Fracture Strength Exponent, m None 0.61 (default)
CompressiVve strain rate exponent, o None 0.032 (default)
Tensile strain rate exponent, & None 0.036 (default)
Maximum  fracture  strength  ratio,| None 1E+20 (default)
SEFMAXSFMAX
Use cap on elastic surface None Yes (default)
Damage constant, D; None 0.04 (default)
Damage constant, D, None 1 (default)
Minimum strain to failure None 0.01 (default)
Residual Shear modulus fraction None 0.13 (default)
Shear Modulus MPa 16,700 (default)
Use CAP on elastic surface? None Yes (default)
Polynomial EOS
Parameter Al MPa 35,270 (default)
Parameter A2 MPa 39,580 (default)
Parameter A3 MPa 9,040 (default)
Parameter BO None 1.22 (default)
Parameter B1 None 1.22 (default)
Parameter T1 MPa 35,270 (default)
Parameter T2 MPa 0 (default)
P-alpha EOS
Solid Density kgf/m® 2,750 (default)
Porous Soundspeed m/s 2,920 (default)
Initial Compaction Pressure, P, MPa 23.3 (default)
Solid Compaction Pressure, Py MPa 6000 (default)
Compaction Exponent, n None 3 (default)

Table 5-5 — Material properties of steel defined in modeling

Property Units Value

Density kgf/m® 7850 (default)
'Young's Modulus GPa 200 (default)
Poisson’s Ratio, v None 0.3 (default)

Bulk Modulus GPa |166.67 (calculated by ANSY'S)
Shear Modulus GPa |76.923 (calculated by ANSY'S)
Tensile Yield Strength f, | MPa 443

Elastic Modulus, Eg GPa 200 (default)
Tangent Modulus, E; GPa 19 (default)
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The steel hammer, steel support 1, and support 2 were modeled as rigid bodies with a
density of 7850 kgf/m3 with an elastic modulus of 210 GPa, and Poission's ratio of
0.30. The steel reinforcing bar was modeled the same above mentioned steel input
parameter values with bilinear isotropic hardening parameters within the Engineering

Data Library of the software using default values.

5.1.4 Analysis Settings

514.1 Erosion

Erosion option in ANSYS Analysis Settings is used to automatically delete highly
distorted elements from the analysis. This technique is a necessity to solve impact
penetration problems. Several options are available to initiate erosion. ANSYS
Explicit Dynamics Analysis Guide (2015) recommended the values of geometric
strain limit for erosion to be in the range of 0.75 and 3.0 with a default value of 1.5.
After a detailed parametric study, the value of geometric strain limit was used as 1.5

in this research. The settings for erosion option are shown in Table 5-6.

Table 5-6 — Erosion option settings

Property Value
On geometric strain limit Yes
Geometric Strain limit 1.5 (default)
On material Failure Yes

On minimum element Time Step No
Retain inertia of Eroded Material Yes

5142 Meshing

Free meshing method, readily available in ANSYS Software, was used for meshing
the modeled elements initially. However, the number of elements used in this
meshing was so high that one analysis took more than 6 hours. Later a convergence
study was conducted on the concrete elements. This study included comparison of
the mid-point deflection of various sizes of meshing. As an example, unreinforced
specimen having 60x60x500 mm dimensions was meshed with increasing element
numbers such as 555, 3048, 3439, 3492, 3798, 4082, 4152, and 4302 elements as
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shown in Figure 5-2, and reinforced specimen having 60x60x500 mm dimensions
was meshed with increasing element numbers such as 475, 1053, 2736, 3010, 3323,
3568, 5023, and 6244 elements as shown in Figure 5-3. After each meshing the mid-
point deflection was calculated by the software. The model became unstable after
maximum element numbers for meshing (4302 elements for 60x60x500 mm
unreinforced specimens and 6244 elements for 60x60x500 mm reinforced
specimens) was reached. The analysis did not continue based on the capability of the
software package. The results showed that the calculated deflection value for
unreinforced specimen was constant (deflection value of 0.019 m) for 3492, 3518,
4082, and 4158 elements, and for reinforced specimen the calculated deflection value
was constant (deflection value of 0.007 m) for 3010, 3323, 3568, and 5023 elements.
The mid-point deflections were not affected with the fineness of the meshing in these
ranges as shown in Figure 5-4 and Figure 5-5. Therefore, meshing with 3518
elements (including beam, hammer and supports) was selected for unreinforced
specimen having 60x60x500 mm dimensions. For reinforced specimen having
60x60x500 mm dimensions, 3568 elements (including beam, hammer, supports and
reinforcement steel bar) was selected. The final meshed model for unreinforced and
reinforced specimen having 60x60x500 mm dimensions are shown in Figure 5-6 and
Figure 5-7, respectively. This convergence study was performed for each specimen
and meshing was selected accordingly. Based on the results of convergence study,
the number of beam elements for beam size 60x60x500 mm is 1800 elements with a
mesh size of 10 mm. For beam sizes of 100x100x500 mm and 150x150x500 mm,
1666 elements with a mesh size of 15 mm and 1600 elements with a mesh size of 20

mm were used in the analysis as shown in Figure 5-8.

555 3048 3439 3492 3518 4082 4152

Figure 5-2 — Number of elements used for convergence study for unreinforced

specimen having 60x60x500 mm dimensions
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475 1053 2736 3010 3323 3568 5023 6244

Figure 5-3 — Number of elements used for convergence study for reinforced

specimen having 60x60x500 mm dimensions
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Figure 5-4 — Results of the convergence study for unreinforced specimen having

60x60x500 mm dimensions
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Figure 5-5 — Results of the convergence study for reinforced specimen having

60x60x500 mm dimensions
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Figure 5-6 — Final meshed model for unreinforced specimen having 60x60x500 mm

dimensions
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Figure 5-7 — Final meshed model for reinforced specimen having 60x60x500 mm

dimensions
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Table 5-7 — Determination of mesh size according to convergence study

. Number of Nodes . Final
Specimen - Final Number
Dimension Mesh Size (m) of Nodes Mesh

0.005 | 0.010{0.015(0.020 Size
60x60x500 |14400| 1800 | 533 | 225 1800 0.010
100x100x500|40000| 5000 | 1481 | 625 1666 0.015
150x150x500|90000|11250| 3333 | 1406 1600 0.020

5143 Initial Contact Velocity

As explicit dynamic modeling, the initial conditions shall be determined before
running the solution. In this study, the velocity of steel hammer at the time of impact
was calculated using the recorded impact videos and the TEMA Motion Analysis
Software. Experimental impact velocity values for each test obtained from the
TEMA Motion Analysis Software are shown in Table 5-8. The average velocity for
each group was used to define the initial contact velocity of the hammer in ANSYS
Dynamic Explicit Modeling as shown in Figure 5-8.

Table 5-8 — Experimental and ANSYS impact velocities

Group| Specimen Experlme_ntal Impact ANSYS Impact
No ID Velocity (m/s) Velocity (m/s)
(TEMA Motion)
60C12-1 5.837
1 60C12-2 5.837 5.798
60C12-3 5.720
60C26-1 5.609
2 60C26-2 5.630 5.505
60C26-3 5.277
100C12-1 7.610
3 100C12-2 7.639 7.649
100C12-3 7.697
100C26-1 7.145
4 100C26-2 7.335 7.067
100C26-3 6.722
150C12-1 7.855
5 150C12-2 7.867 7.864
150C12-3 7.871
150C26-1 7.601
6 150C26-2 7.642 7.654
150C26-3 7.718
60C12R-1 | Video could not captured.
7 60C12 R -2 7.979 8.009
60C12 R -3 8.039
60C26 R -1 7.618
8 60C26 R -2 7.606 7.574
60C26 R -3 7.499
100C12 R -1 7.920
0 100C12 R -2 7.788 7818
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Group| Specimen Experlme_ntal Impact ANSYS Impact
No ID Velocity (m/s) Velocity (m/s)
(TEMA Motion)

100C12R -3 7.848
100C26 R -1 7.569

10 100C26 R -2 7.335 7.558
100C26 R -3 7.570
150C12R -1 7.803

11 150C12 R -2 7.809 7.738
150C12 R -3 7.603
150C26 R -1 7.715

12 150C26 R -2 7.701 7.711
150C26 R -3 7.717
60SFRC35-1 7.602

132 —g0sFRCa52 7.408 7505

13-b | 60SFRC35-3 5.867 7.867
60SFRC35R-1 7.497

14 I'60SFRC35R2 7.636 ‘b
100SFRC35-1 7.639

15 100SFRC35-2 7.575 7.616
100SFRC35-3 7.634
100SFRC35R-1 7.527

16 |[100SFRC35R-2 7.563 7.601
100SFRC35R-3 7.638
150SFRC35-1 7.671

17 150SFRC35-2 7.702 7.694
150SFRC35-3 7.708
150SFRC35R-1 7.659

18 |150SFRC35R-2 7.673 7.670
150SFRC35R-3 7.678

Figure 5-8 — Average velocity of hammer used in ANSYS modeling for Group 1
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5.2 Modifications to RHT Concrete Model

Computationally long and detailed parametric studies were performed for all the
parameters of modeling explained in this section. RHT model that used in ANSYS
dynamic Explicit AUTODYN solver was studied and compared to the experimental
studies performed on CC and SFRC. Based on these studies, the settings and values

of the parameters were determined and stress strain parameters were modified.
The following modified values for LSC, NSC, and SFRC shown in Table 5-9 to

Table 5-11 were used in the analysis. The details of these modifications are

explained in the next sections.
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Table 5-9 — Modified analysis parameters of RHT Concrete Model for LSC (Batch 1)

Property | Units | Value

RHT Concrete Model

Modified RHT Default RHT
Density kgf/m® 2294 2314(default)
Compressive  Strength, f. (cube] MPa 14.1 14.1
strength)
Tensile to Compressive Strength, f/f. | None 0.14 0.1(default)
Shear to Compressive Strength, f/f. None 0.11 0.18 (default)
Intact failure surface constant, Aga None 1.6 (default) 1.6 (default)
Intact failure surface exponent, Nga. | None 0.61 (default) 0.61 (default)
Tens./Comp. Meridian ratio, Q. None 0.6805 (default) 0.6805 (default)
Brittle to Ductile Transition, BQ None 0.0105 (default) 0.0105 (default)
Hardening Slope None 2 (default) 2 (default)
Elastic Strength/f; None 0.7 (default) 0.7 (default)
Elastic Strength/f, None 0.53 (default) 0.53 (default)
Fracture Strength Constant, B None 1.6 (default) 1.6 (default)
Fracture Strength Exponent, m None 0.61 (default) 0.61 (default)
Compressive strain rate exponent, « | None 0.064 0.032 (default)
Tensile strain rate exponent, § None 0.059 0.036 (default)
Maximum fracture strength ratio| None 1E+20 (default) 1E+20 (default)
SFMAX
Use cap on elastic surface None Yes (default) Yes (default)
Damage constant, D; None 0.06 0.04 (default)
Damage constant, D, None 1 (default) 1 (default)
Minimum strain to failure None 0.01 (default) 0.01 (default)
Residual Shear modulus fraction None 0.13 (default) 0.13 (default)
Shear Modulus MPa 16,700 (default) 16,700 (default)
Use CAP on elastic surface? None Yes (default) Yes (default)
Polynomial EOS
Parameter Al MPa 35,270 (default) 35,270 (default)
Parameter A2 MPa 39,580 (default) 39,580 (default)
Parameter A3 MPa 9,040 (default) 9,040 (default)
Parameter BO None 1.22 (default) 1.22 (default)
Parameter B1 None 1.22 (default) 1.22 (default)
Parameter T1 MPa 35,270 (default) 35,270 (default)
Parameter T2 MPa 0 (default) 0 (default)
P-alpha EOS
Solid Density kgf/m® 2,750 (default) 2,750 (default)
Porous Soundspeed m/s 2,920 (default) 2,920 (default)
Initial Compaction Pressure, P, MPa 23.3 (default) 23.3 (default)
Solid Compaction Pressure, Py MPa 6000 (default) 6000 (default)
Compaction Exponent, n None 3 (default) 3 (default)
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Table 5-10 — Modified analysis parameters of RHT Concrete Model for NSC (Batch

2)
Property | Units | Value

RHT Concrete Model

Modified RHT Default RHT
Density kgf/m® 2334 2314(default)
Compressive  Strength, f. (cube] MPa 30.6 30.6
strength)
Tensile to Compressive Strength, f/f. | None 0.10 (default) 0.1(default)
Shear to Compressive Strength, fi/f. None 0.17 0.18 (default)
Intact failure surface constant, Aga, None 1.6 (default) 1.6 (default)
Intact failure surface exponent, Nga. | None 0.61 (default) 0.61 (default)
Tens./Comp. Meridian ratio, Q. None 0.6805 (default) 0.6805 (default)
Brittle to Ductile Transition, BQ None 0.0105 (default) 0.0105 (default)
Hardening Slope None 2 (default) 2 (default)
Elastic Strength/f; None 0.7 (default) 0.7 (default)
Elastic Strength/f. None 0.53 (default) 0.53 (default)
Fracture Strength Constant, B None 1.6 (default) 1.6 (default)
Fracture Strength Exponent, m None 0.61 (default) 0.61 (default)
Compressive strain rate exponent, & | None 0.036 0.032 (default)
Tensile strain rate exponent, & None 0.044 0.036 (default)
Maximum fracture strength ratio| None 1E+20 (default) 1E+20 (default)
SFMAX
Use cap on elastic surface None Yes (default) Yes (default)
Damage constant, D; None 0.013 0.04 (default)
Damage constant, D, None 1 (default) 1 (default)
Minimum strain to failure None 0.01 (default) 0.01 (default)
Residual Shear modulus fraction None 0.13 (default) 0.13 (default)
Shear Modulus MPa 16,700 (default) 16,700 (default)
Use CAP on elastic surface? None Yes (default) Yes (default)
Polynomial EOS
Parameter Al MPa 35,270 (default) 35,270 (default)
Parameter A2 MPa 39,580 (default) 39,580 (default)
Parameter A3 MPa 9,040 (default) 9,040 (default)
Parameter BO None 1.22 (default) 1.22 (default)
Parameter B1 None 1.22 (default) 1.22 (default)
Parameter T1 MPa 35,270 (default) 35,270 (default)
Parameter T2 MPa 0 (default) 0 (default)
P-alpha EOS
Solid Density kgf/m® 2,750 (default) 2,750 (default)
Porous Soundspeed m/s 2,920 (default) 2,920 (default)
Initial Compaction Pressure, P, MPa 23.3 (default) 23.3 (default)
Solid Compaction Pressure, P MPa 6000 (default) 6000 (default)
Compaction Exponent, n None 3 (default) 3 (default)
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Table 5-11 — Modified analysis parameters of RHT Concrete Model for SFRC

(Batch 3)
Property | Units | Value

RHT Concrete Model

Modified RHT Default RHT
Density kgf/m® 2379 2314(default)
Compressive  Strength, f. (cube] MPa 41.1 41.1
strength)
Tensile to Compressive Strength, f/f. | None 0.09 0.1(default)
Shear to Compressive Strength, fi/f. None 0.19 0.18 (default)
Intact failure surface constant, Aga, None 1.6 (default) 1.6 (default)
Intact failure surface exponent, Nga. | None 0.61 (default) 0.61 (default)
Tens./Comp. Meridian ratio, Q. None 0.6805 (default) 0.6805 (default)
Brittle to Ductile Transition, BQ None 0.0105 (default) 0.0105 (default)
Hardening Slope None 2 (default) 2 (default)
Elastic Strength/f; None 0.7 (default) 0.7 (default)
Elastic Strength/f. None 0.53 (default) 0.53 (default)
Fracture Strength Constant, B None 1.6 (default) 1.6 (default)
Fracture Strength Exponent, m None 0.61 (default) 0.61 (default)
Compressive strain rate exponent, & | None 0.028 0.032 (default)
Tensile strain rate exponent, § None 0.033 0.036 (default)
Maximum fracture strength ratio| None 1E+20 (default) 1E+20 (default)
SFMAX
Use cap on elastic surface None Yes (default) Yes (default)
Damage constant, D; None 0.028 0.04 (default)
Damage constant, D, None 1 (default) 1 (default)
Minimum strain to failure None 0.01 (default) 0.01 (default)
Residual Shear modulus fraction None 0.13 (default) 0.13 (default)
Shear Modulus MPa 16,700 (default) 16,700 (default)
Use CAP on elastic surface? None Yes (default) Yes (default)
Polynomial EOS
Parameter Al MPa 35,270 (default) 35,270 (default)
Parameter A2 MPa 39,580 (default) 39,580 (default)
Parameter A3 MPa 9,040 (default) 9,040 (default)
Parameter BO None 1.22 (default) 1.22 (default)
Parameter B1 None 1.22 (default) 1.22 (default)
Parameter T1 MPa 35,270 (default) 35,270 (default)
Parameter T2 MPa 0 (default) 0 (default)
P-alpha EOS
Solid Density kgf/m® 2,750 (default) 2,750 (default)
Porous Soundspeed m/s 2,920 (default) 2,920 (default)
Initial Compaction Pressure, P, MPa 23.3 (default) 23.3 (default)
Solid Compaction Pressure, P MPa 6000 (default) 6000 (default)
Compaction Exponent, n None 3 (default) 3 (default)
Failure Modified Default
Principle Strength Failure
Maximum Tensile Stress MPa 3.58 1E+20
Maximum Shear Stress MPa 21.783 1E+20
Principle Strain Failure
Maximum Tensile Strain 0.000118 1+E20
Maximum Shear Strain 0.0023 1E+20
Crack Softening Failure
Flow Role No Bulking (default) | No Bulking (default)
Fracture Energy, Gs J/m? | 1515, 3029 and 4544 0
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5.2.1 Density (Unit Weight)

Unit weight is defined as the initial mass per unit volume of a material at initial time.
In RHT Concrete model the default value of unit weight is 2314 kgf/m®. The unit
weights of the types of concrete used in this research were determined by measuring
the weight of each specimen and dividing the weight by the volume. A photograph of
weighing the specimens is shown in Figure 5-9. For LSC, NSC, and SFRC, the
average unit weights were determined as 2294, 2334, and 2379 kgf/m?, respectively.

Details related to all the specimens are shown in Table 5-12.

o

Figure 5-9 — Measurement of specimens weight at laboratory to determine its density
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Table 5-12 — Details of calculation of unit weights of specimens

Group Specimen Weight Unit Weight AV%'\’/Z?ehl:mt
No ID (kgf) (kgf/m?) (kgﬁ%
60C12-1 416 2311
1 60C12-2 416 2311
60C12-3 436 2422
60C26-1 425 2361
2 60C26-2 435 2417
60C26-3 4.42 2456
100C12-1 11.30 2260
3 100C12-2 11.78 2356 2294
100C12-3 11.26 2252 for LSC
100C26-1 11.45 2290 2334
4 100C26-2 11.67 2334 for NSC
100C26-3 11.88 2376
150C12-1 24.94 2217
5 150C12-2 25.56 2272
150C12-3 25.22 2042
150C26-1 25.25 2244
6 150C26-2 25.60 2276
150C26-3 25.34 2052
13 | BOSFRC35-1 436 2422
60SFRC35-2 4.42 2456
13 | BGOSFRC353 4.40 2444
100SFRC35-1 11.78 2356 o
15 [ 100SFRC35-2 12.08 2416 .
100SFRC35-3 12.06 2412
150SFRC35-1 26.01 2312
17 [ 150SFRC35-2 26.11 2321
150SFRC35-3 25.59 2275

5.2.2 Compressive Strength

According to ANSYS Explicit Dynamics Analysis Guide (2015), RHT model
formulated such that the input compressive strength value shall be in terms of cube
strength. The users may convert their cylinder strength values to cube strength values
before entering the concrete strength parameter. In this research, a conversion factor
of 0.85 was used to convert the cylinder strength to cube strength by dividing the

cylinder strength values to this conversion factor.

The material library of ANSYS Finite Element Software includes RHT Concrete
Model data for cube concrete strengths of 35 MPa and 140 MPa with default values.
Cylinder concrete compressive strength values for LSC, NSC, and SFRC obtained in

this research were converted to cube strength values of 14.1, 30.6, and 41.1 MPa,
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respectively. These values were used in ANSYS Finite Element Software as shown

in Table 5-9 to Table 5-11, respectively.

5.2.3 Tensile Strength

The ratio between tensile strength and compressive strength, f/f;, is defined in RHT
Model Library as tensile strength. As default for C35, the material library uses 0.1
for fi/fc. In this study, the measured tensile strengths were divided by the measured
compressive strengths and 0.14, 0.10, and 0.09 was used as the input data for LSC,
NSC, and SFRC, respectively. These values were used in ANSYS Finite Element
Software as shown in Table 5-9, Table 5-10 and, Table 5-11, respectively.

5.2.4 Stress-Strain Relationship

The RHT concrete model in compression consists of three parts: elastic, failure, and
residual softening part. The elastic part depends on elastic modulus. The linear curve
for elastic part starts from the origin and continues up to stress of 53% of ultimate
concrete strength which is a property of RHT Concrete Model. The strain at this
point is calculated using this value of stress and elastic modulus. The failure part is
another linear line between the 53 and 100% of ultimate concrete strength. The
equations related to these parts are shown in Equation 2-13 and Equation 2-14. The
residual part starts from the ultimate concrete strength and ends at a point that is
defined by the user using Equation 2-25. A typical stress-strain relationship of RHT

concrete model in compression is shown in Figure 5-10.
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Figure 5-10 — Typical elastic, failure, and residual branches of stress—strain

relationship of RHT concrete model in compression

The residual part includes two parameters called damage parameters. Tu and Lu
(2008) stated that the determination of damage parameters, D, Do, and plastic strain
was very crucial to obtain a reasonable stress-strain relationship in softening region.
In this study, modification of the parameter D, was performed while the value of the

parameter D, was kept unchanged.

5241 CC in Compression

The RHT model is modified for CC in compression based on the model proposed by
Popovics (1973). The default value for the concrete strength of RHT Concrete Model
was 35 MPa. As an example, the Popovics (1973) concrete model and RHT Concrete
Model were drawn on the same graph for the same strength and the parameters
related to RHT Concrete Model were modified to match the stress-strain relationship
proposed by Popovics (1973) for that concrete strength. Corresponding stress-strain
relationship is shown in Figure 5-11. The elastic parts for both the RHT Concrete
Models were the same. The default RHT had a greater strain at ultimate stress and a
less steep descending branch compared to Popovics (1973) Concrete Model. The
modified RHT Concrete Model was matching better since the strain at maximum
stress and the descending branches of the relationship was fitted to the Popovics
(1973) Concrete Model. Related values of the parameters are shown in the same

graph.

96



45 -

e-£-0.00064  e-o=18.55 MPa RHTElastic ‘
40 o p-£= 0.0018 p-o =35 MPa =—=Default RHT Fa:ln_..re |

f-£ = 0.007 f-0 = 0.00 MPa ——Default RHT Residual

D,=0.012 D,=1 ——madified RHT Failure ‘
35 : . ] —Pop?vics (1973)

s N~

25 4

stress (MPa)

20

15 o

10 A

5

0.000 0.002 0.004 0.006 0.008 0.010
strain

Figure 5-11 — Comparison of default and modified RHT Concrete Models to

Popovics (1973) Concrete Model for 35 MPa concrete compressive strength

In this study, two types of CC were used, LSC having 12 MPa and NSC having 26
MPa cylinder concrete compressive strength. The RHT Concrete Model uses the
cubic strength values in construction of the stress-strain relationship. Therefore, the
cylinder concrete strengths were converted to cubic strength values as explained
previously. Therefore LSC having 14.1 MPa and NSC having 30.6 MPa was used in
construction of stress-strain relationships CC. Comparison of default and modified
RHT Concrete Models to Popovics (1973) CC Model for 14.1 and 30.6 MPa
concrete compressive strength is shown in Figure 5-12 and Figure 5-13. Related

values of the parameters are also shown in the same graphs.
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Figure 5-12 — Comparison of default and modified RHT Concrete Models to
Popovics (1973) CC Model for 14.1 MPa concrete compressive strength
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Figure 5-13 — Comparison of default and modified RHT Concrete Models to
Popovics (1973) CC Model for 30.6 MPa concrete compressive strength

5242 SFRC in Compression

The RHT model is modified for SFRC in compression based on the model proposed
by Ezeldin and Balaguru (1990). In this study, one type of SFRC having 35 MPa
cylinder concrete compressive strength was used. The cylinder concrete strength was
converted to cubic strength value as explained previously. Therefore SFRC having
41.1 MPa was used in construction of stress-strain relationships of SFRC.
Comparison of default and modified RHT Concrete Models to Ezeldin and Balaguru
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(1990) SFRC Model for 41.1 MPa concrete compressive strength is shown in Figure
5-14.
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Figure 5-14 — Comparison of default and modified RHT Concrete Models to Ezeldin
and Balaguru (1990) SFRC Model for 41.1 MPa concrete compressive strength

5243 SFRC in Tension

The RHT model is modified for SFRC in tension based on the model proposed
Soranakom et al. (2008). In this study, the average flexural tensile strength for SFRC
was measured as 3.543 MPa. The tensile stress-strain relationships for SFRC
proposed by Soranakom et al. (2008) for 3.543 MPa tensile strength and various u
values (0.25, 0.5, and 0.75) are shown in Figure 5-15.
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Figure 5-15 — Tensile stress-strain relationships for SFRC proposed by Soranakom et
al. (2008) for 3.543 MPa tensile strength and various u values (0.25, 0.5, and 0.75)

RHT Concrete Model uses the fracture energy methodology for the effect of tension
stiffening which requires the calculation of fracture energy of the tension behavior of
the material. Abdelatif et al. (2015) studied and modeled concrete in tension as
linear-elastic until tensile strength is reached. The researchers implemented the post-
cracking behavior based on the cracking concept proposed by Hillerborg et al.

(1976). They assumed a linearly decreasing tension softening behavior based on the

Soranakom et al. (2008) u=0.25
Soranakom et al. (2008) pu=0.5
Soranakom et al. (2008) p=0.75

2.0 -
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=

0.005 0.01

0.015 0.02 0.025

Strain

findings by Phillips and Binsheng (1993) as shown in Figure 5-16.
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Figure 5-16 — Post-failure stress—fracture energy curve applied in the non- linear

model

The fracture energy required to create a crack per unit area, Gy, is the area under the

stress-strain relationship in tension. It is calculated using the following equation:

G =05#f =U_,*L, Equation 5-1

where f; is concrete tensile strength in MPa, Uy, is the ultimate tensile strain, L. is the

characteristic length.

Based on Bazant and Oh (1983), the characteristic length can be determined by the

following equation:

L. .=27+d Equation 5-2

where d, is the maximum aggregate size.

Based on this methodology and tensile behavior of SFRC proposed by Soranakom et
al. (2008) (Figure 5-15), Gy values were calculated as 1515, 3029, and 4544 J/m? for
w1 was equal to 0.25, 0.5, and 0.75, respectively. These values were used in ANSYS

Finite Element Software for G;.
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5.2.5 Compressive Strain Rate Exponent

Based on Riedel et al. (2009), compressive strain rate exponent, a, was calculated

using the following expression:

1
O = ——=_
'.5+4_fr:'

Equation 5-3

where f; is the concrete compressive strength.

In RHT Concrete model, the default value of compressive strain rate exponent is
defined as 0.032. Using the above equation, the compressive strain rate exponents for
LSC, NSC, and SFRC were calculated as 0.064, 0.036, and 0.028, respectively.
These values were used in ANSYS Finite Element Software as shown in Table 5-9,
Table 5-10 and, Table 5-11, respectively.

5.2.6 Tensile Strain Rate Exponent § input variables

Based on Riedel et al. (2009), tensile strain rate exponent, 8, was calculated using the

following expression:

_ 1
(104>7,)

Equation 5-4

where f. is the concrete compressive strength.

In RHT Concrete model, the default value of tensile strain rate exponent is defined as
0.036. Using the above equation, the tensile strain rate exponents for LSC, NSC, and
SFRC were calculated as 0.059, 0.044, and 0.033, respectively. These values were
used in ANSYS Finite Element Software as shown in Table 5-9, Table 5-10 and,
Table 5-11, respectively.
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5.3 Steel Model

No modifications was performed for the input parameters of steel. These parameters

are shown in Table 5-13.

Table 5-13 — Material properties of steel

Property Units Value
Density kgf/m® 7850 (default)
Young's Modulus GPa 200 (default)
Poisson’s Ratio, v None 0.3 (default)
Bulk Modulus GPa 166.67 (calculated by ANSYS)
Shear Modulus GPa | 76.923 (calculated by ANSYS)
Tensile Yield Strength, f, MPa 443
Elastic Modulus, Eg GPa 200 (default)
Tangent Modulus, E; GPa 19 (default)

5.4  Analysis Results and Comparisons
541 General

The model of the impact testing was produced based on the explanations and
modifications given in the previous sections. Based on the results of the analysis,
typical failure modes of various specimens are shown in Figure 5-17. The
comparisons of the motions for various times after impact (impact time is marked as
zero seconds) obtained from the impact tests and the analyzed model for CC and
SFRC specimens are shown in Figure 5-18, Figure 5-19, Figure 5-20, Figure 5-21,
Figure 5-22, Figure 5-23, Figure 5-24, Figure 5-25, and Figure 5-26. The results
indicated that the motions of tested beam specimens and hammer obtained from the
analyzed videos showed very good agreement with that of analyzed model for the

specimens.
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Figure 5-17 — Typical failure modes of various specimens
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Figure 5-18 — Comparison of the motions for various times after impact obtained

from the impact tests and the analyzed model for 60C12-1
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Figure 5-19 — Comparison of the motions for various times after impact obtained

from the impact tests and the analyzed model for 100C26-1
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Figure 5-20 — Comparison of the motions for various times after impact obtained
from the impact tests and the analyzed model for 150C12-3
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Figure 5-21 — Comparison of the motions for various times after impact obtained

from the impact tests and the analyzed model for 60C12R-2
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Figure 5-22 — Comparison of the motions for various times after impact obtained

from the impact tests and the analyzed model for 100C26R-3
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Figure 5-23 — Comparison of the motions for various times after impact obtained
from the impact tests and the analyzed model for 150C12R-2
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Figure 5-24 — Comparison of the motions for various times after impact obtained

from the impact tests and the analyzed model for 60SFRC35-3
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Figure 5-25 — Comparison of the motions for various times after impact obtained
from the impact tests and the analyzed model for 100SFRC35R-1
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Figure 5-26 — Comparison of the motions for various times after impact obtained
from the impact tests and the analyzed model for 150SFRC35-2

5.5 Comparison of Velocity-Time Relationships of Hammer using Default
and Modified RHT Concrete Model for LSC and NSC Specimens

The most important difference of this research compared to the studies in the
literature was that the material properties of concrete and analysis options in
modeling were determined based on the motion of the steel hammer. The parametric
studies performed in the scope of this research indicated that any modification
related to the properties of CC and SFRC analysis options in modeling changed the
motion of steel hammer after impact. Therefore, best parameters for concrete model

113



and analysis options were modified and determined based on the material properties

and velocity-time relationships of the hammer.

Experimental velocity-time relationships for hammer (named as specimens ID’s in
the graphs) were obtained by analyzing of recorded impact videos using the TEMA
Motion Analysis Software (target marker analysis). Velocity-time curves were also
obtained from the analysis of the model (named as ANSYS and group number of the
specimens in the graphs) for default and modified RHT parameters. The comparisons
of the experimental, default, and modified RHT ANSYS velocity-time relationships
for LSC and NSC specimens are shown in Figure 5-27 to Figure 5-38.
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Figure 5-27 — Experimental and analytical velocity-time relationships of hammer

using default and modified RHT Concrete Model for Group 1 specimens
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Figure 5-28 — Experimental and analytical velocity-time relationships of hammer
using default and modified RHT Concrete Model for Group 2 specimens

8.0 i
===100C12-1
—100C12-2
7.0 100C12-3
ANSYS Group 3 Specimens RHT Default
6.0 ——ANSYS Group 3 Specimens RHT Modified
E 5.0 ‘
g— P Y
Z 4.0 — = : T
g —_— L — Ny e _w
]
> 3.0 4
2.0 -+
1.0 A
0.0 T T
0 0.01 0.02 Time (s) 003 0.04 0.05

Figure 5-29 — Experimental and analytical velocity-time relationships of hammer
using default and modified RHT Concrete Model for Group 3 specimens
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Figure 5-30 — Experimental and analytical velocity-time relationships of hammer
using default and modified RHT Concrete Model for Group 4 specimens
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Figure 5-31 — Experimental and analytical velocity-time relationships of hammer
using default and modified RHT Concrete Model for Group 5 specimens
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Figure 5-32 — Experimental and analytical velocity-time relationships of hammer
using default and modified RHT Concrete Model for Group 6 specimens
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Figure 5-33 — Experimental and analytical velocity-time relationships of hammer
using default and modified RHT Concrete Model for Group 7 specimens
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Figure 5-34 — Experimental and analytical velocity-time relationships of hammer
using default and modified RHT Concrete Model for Group 8 specimens
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Figure 5-35 — Experimental and analytical velocity-time relationships of hammer

using default and modified RHT Concrete Model for Group 9 specimens
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Figure 5-36 — Experimental and analytical velocity-time relationships of hammer
using default and modified RHT Concrete Model for Group 10 specimens
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Figure 5-37 — Experimental and analytical velocity-time relationships of hammer
using default and modified RHT Concrete Model for Group 11 specimens
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Figure 5-38 — Experimental and analytical velocity-time relationships of hammer

using default and modified RHT Concrete Model for Group 12 specimens

These figures indicated that experimental velocity-time relationships of hammer can
be predicted well enough when the modified RHT parameters for concrete model and
analysis options defined in this research were used no matter which concrete type
(LSC and NSC) and cross-section (60%60, 100100, and 150x150 mm) were used.

For comparisons of default and modified RHT Concrete Model results for

unreinforced CC specimens, the figures indicated the following:

e For Group 1 (LSC) and 2 (NSC) specimens having 60x60x500 mm dimensions,
the analytical velocity-time analytical relationships of hammer for both the default

and modified RHT Concrete Model fit well with the experimental relationships

e For specimen size of 100x100x500 mm, the analytical velocity-time relationships
of hammer using modified RHT Concrete Model for Group 3 (LSC) and 4 (NSC)

specimens estimated the experimental results better than the default model.

o For specimen size of 150x150x500 mm, the analytical velocity-time relationships
of hammer using modified RHT Concrete Model for Group 5 (LSC) and 6 (NSC)

specimens estimated the experimental results better than the default model.

e For Group 3 specimens (LSC - 100x100x500 mm), Group 5 specimens (LSC -
150x150%500 mm), and Group 6 specimens (NSC - 150x150x500 mm), the
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analytical velocity-time relationships of hammer using default RHT Concrete

Model resulted in a higher velocity after impact than the modified one.

For Group 4 specimens (NSC - 100x100x500 mm), the analytical velocity-time
relationships of hammer using default RHT Concrete Model resulted in a much

lower velocity after impact.

For comparisons of default and modified RHT Concrete Model results for reinforced

CC specimens, the figures indicated the following:

For Group 7 (LSC) and 8 (NSC) specimens having 60x60x500 mm dimensions,
the analytical velocity-time analytical relationships of hammer for both the default

and modified RHT Concrete Model fit well with the experimental relationships

For specimen size of 100x100x500 mm, the analytical velocity-time relationships
of hammer using modified RHT Concrete Model for Group 9 (LSC) and 10

(NSC) specimens estimated the experimental results better than the default model.

For specimen size of 150x150x500 mm, the analytical velocity-time relationships
of hammer using modified RHT Concrete Model for Group 11 (LSC) and 12

(NSC) specimens estimated the experimental results better than the default model.

Generally, the ANSYS model results becomes fit to the experimental results after

applying modified RHT model for all specimens sizes, strengths and concrete

mixture that consist CC.

5.6 Comparison of Velocity-Time Relationships of Hammer using Default

and Modified RHT Concrete Model for SFRC Specimens

The comparisons of the experimental, default, and modified RHT ANSYS velocity-

time relationships for SFRC specimens are shown in Figure 5-39 to Figure 5-45.
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Figure 5-39 — Experimental and analytical velocity-time relationships of hammer
using default and modified RHT Concrete Model for Group 13-a specimens for

various G¢
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Figure 5-40 — Experimental and analytical velocity-time relationships of hammer
using default and modified RHT Concrete Model for Group 13-b specimens for

various Gs
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Figure 5-41 — Experimental and analytical velocity-time relationships of hammer
using default and modified RHT Concrete Model for Group 14 specimens for various
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Figure 5-42 — Experimental and analytical velocity-time relationships of hammer
using default and modified RHT Concrete Model for Group 15 specimens for various
Gt
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Figure 5-43 — Experimental and analytical velocity-time relationships of hammer
using default and modified RHT Concrete Model for Group 16 specimens for various
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Figure 5-44 — Experimental and analytical velocity-time relationships of hammer
using default and modified RHT Concrete Model for Group 17 specimens for various
Gy
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Figure 5-45 — Experimental and analytical velocity-time relationships of hammer
using default and modified RHT Concrete Model for Group 18 specimens for various
Gy

These figures indicated that experimental velocity-time relationships of hammer can
be predicted well enough when the modified RHT parameters for concrete model and
analysis options defined in this research were used for SFRC specimens having
60x%60x500, 100%x100%500, and 150%150%x500 mm dimensions.

For comparisons of default and modified RHT Concrete Model results for

unreinforced SFRC specimens, the figures indicated the following:

e For Group 13-a and 13-b specimens having 60x60x500 mm dimensions, the
analytical velocity-time analytical relationships of hammer for both the default
and modified RHT Concrete Model with ¢=0.5 fit well with the experimental

relationships

e For specimen size of 100x100x500 mm, the analytical velocity-time relationships
of hammer using modified RHT Concrete Model with 4=0.5 for Group 15

specimens estimated the experimental results better than the default model.

o For specimen size of 150x150x500 mm, the analytical velocity-time relationships
of hammer using modified RHT Concrete Model with 4=0.5 for Group 17

specimens estimated the experimental results better than the default model.
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For comparisons of default and modified RHT Concrete Model results for reinforced

SFRC specimens, the figures indicated the following:

e For Group 14 specimens having 60x60x500 mm dimensions, there was
significant variation between the experimental and analytical results, since the

hammer became tilted after the impact for these specimens.

e For specimen size of 100x100x500 mm, the analytical velocity-time relationships
of hammer using modified RHT Concrete Model with £=0.5 for Group 16

specimens estimated the experimental results better than the default model.

e For specimen size of 150x150x500 mm, the analytical velocity-time relationships
of hammer using modified RHT Concrete Model with 4=0.5 for Group 18

specimens estimated the experimental results better than the default model.

5.7 Comparison of Predicted Velocity-Time Relationships
57.1 Effect of Specimen Size

To evaluate the effect of specimen sizes, the predicted velocity-time relationships
were compared for CC and SFRC specimens as shown in Figure 5-46 to Figure 5-51.
It can be concluded that for unreinforced specimens as the size of the specimen
increased, the velocity of the hammer decreased significantly no matter what the
concrete strength was. For reinforced specimens, the change in velocity of the
hammer was approximately equal for 100x100 and 150x150 mm specimens since
the hammer stopped and deflected up for these group specimens. However, the
specimens having 60x60 mm dimensions, the reinforcement did not have similar
effect like larger specimens. This specimen failed and the reinforcement was bent at
the end of the test.
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Figure 5-46 — Predicted velocity-time relationships for LSC unreinforced specimens
(Group 1: 60x60 mm, Group 3: 100x100 mm, and Group 5: 150150 mm)
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Figure 5-47 — Predicted velocity-time relationships for NSC unreinforced specimens
(Group 2: 60x60 mm, Group 4: 100x100 mm, and Group 6: 150150 mm)
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Figure 5-48 — Predicted velocity-time relationships for SFRC unreinforced
specimens (Group 13: 60x60 mm, Group 15: 100x100 mm, and Group 17: 150%150
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Figure 5-49 — Predicted velocity-time relationships for LSC reinforced specimens
(Group 7: 60x60 mm, Group 9: 100x100 mm, and Group 11: 150x150 mm)
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Figure 5-50 — Predicted velocity-time relationships for NSC reinforced specimens

(Group 8: 60%x60 mm, Group 10: 100x100 mm, and Group 12: 150x150 mm)
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Figure 5-51 — Predicted velocity-time relationships for SFRC reinforced specimens
(Group 14: 60x60 mm, Group 16: 100x100 mm, and Group 18: 150150 mm)

5.7.2 Effect of Concrete Strength

To evaluate the effect of concrete strength, the predicted velocity-time relationships
were compared for CC and SFRC specimens as shown in Figure 5-52 to Figure 5-57.

It can be concluded that for unreinforced specimens as the concrete strength
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increased, the velocity of the hammer decreased. For the reinforced specimens, the

concrete strength did not have any significant effect on the behavior.
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Figure 5-52 — Predicted velocity-time relationships for 60x60 mm unreinforced
specimens (Group 1: LSC, Group 2: NSC, and Group 13a, 13b: SFRC)
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Figure 5-53 — Predicted velocity-time relationships for 200x100 mm unreinforced
specimens (Group 3: LSC, Group 4: NSC, and Group 15: SFRC)
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Figure 5-54 — Predicted velocity-time relationships for 150150 mm unreinforced

specimens (Group 5: LSC, Group 6: NSC, and Group 17: SFRC)
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Figure 5-55 — Predicted velocity-time relationships for 60x60 mm reinforced
specimens (Group 7: LSC, Group 8: NSC, and Group 14: SFRC)
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Figure 5-56 — Predicted velocity-time relationships for 200x100 mm reinforced
specimens (Group 9: LSC, Group 10: NSC, and Group 16: SFRC)
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Figure 5-57 — Predicted velocity-time relationships for 150150 mm reinforced
specimens (Group 11: LSC, Group 12: NSC, and Group 18: SFRC)
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57.3 Effect of Reinforcement

To evaluate the effect of reinforcement, the predicted velocity-time relationships
were compared for CC and SFRC specimens as shown in Figure 5-58 to Figure 5-66.
For smaller sized specimens, the effect of reinforcement is much larger. The velocity
of the hammer decreased more for smaller sized specimens. For larger sized
specimens, the difference of the velocity of the hammer between the unreinforced

and reinforced specimens was smaller.
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Figure 5-58 — Predicted velocity-time relationships for 60x60 mm LSC specimens

(Group 1: unreinforced and Group 7: reinforced)
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Figure 5-59 — Predicted velocity-time relationships for 60x60 mm NSC specimens

(Group 2: unreinforced and Group 8: reinforced)
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Figure 5-60 — Predicted velocity-time relationships for 60x60 mm SFRC specimens

(Group 13a, 13b: unreinforced and Group 14: reinforced)
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Figure 5-61 — Predicted velocity-time relationships for 100x100 mm LSC specimens

(Group 3: unreinforced and Group 9: reinforced)
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Figure 5-62 — Predicted velocity-time relationships for 100x100 mm NSC specimens

(Group 4: unreinforced and Group 10: reinforced)
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Figure 5-63 — Predicted velocity-time relationships for 100x100 mm SFRC

specimens (Group 15: unreinforced and Group 16: reinforced)
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Figure 5-64 — Predicted velocity-time relationships for 150150 mm LSC specimens

(Group 5: unreinforced and Group 11: reinforced)
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Figure 5-65 — Predicted velocity-time relationships for 150150 mm NSC specimens

(Group 6: unreinforced and Group 12: reinforced)
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Figure 5-66 — Predicted velocity-time relationships for 150x150 mm SFRC

specimens (Group 17: unreinforced and Group 18: reinforced)
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574 Energy Absorption Capacity

The energy before and after impact were calculated for all CC and SFRC
unreinforced specimens base on the hammer velocities before and after impact. An
effort was made to predict the absorbed energy of the reinforced specimens; however
the calculations related to crack energy were very complex. Therefore, no results
were shown for the energy absorption of the reinforced specimens. The kinetic

energy (KE) of the hammer was calculated using the following equation:
KE = 0.5 mxv? Equation 5-5

where KE is the kinetic energy in Joules, m is hammer mass in kg, and v is the

hammer velocity before or after impact in m/s.

Energy absorbed by crack, G, was calculated based on fracture energy concept of
CC and SFRC (Gf = 100 JIm? for CC and 3029 for SFRC), crack length L. that
observed experimentally and specimen width (crack area width) w; as shown in

Figure 5-67 using the following equation:

G¢ = GixLexw, Equation 5-6
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Figure 5-67 — Definitions for crack length and beam width

The energy absorbed by other means such as supports, beam translation, beam

rotation, etc. was calculated by subtracting the energy absorbed by crack from the

KE difference of the hammer before and after impact.

Table 5-14 shows the velocities and calculated energies obtained from the predicted

velocity-time relationships. The result shows that energy absorbed by cracks

increases with increase in dimensions of specimen size.

Table 5-14 — Velocities and calculated energies obtained from the predicted velocity-

time relationships

Group | Velocity before | Velocity after | Energy before | Energy after | Energy Absorbed | Energy Absorbed

No Impact (m/s) | Impact (m/s) | Impact (J) Impact (J) by Crack (J) |by Other Means (J)
1 5.798 4.530 100.2 61.2 0.4 38.7
2 5.505 3.996 90.3 47.6 0.4 42.4
3 7.649 4.371 174.4 56.9 1.0 116.4
4 7.067 3.087 148.8 28.4 1.0 119.4
5 7.864 1.403 184.3 5.9 2.3 176.2
6 7.654 0.602 174.6 1.1 2.3 171.2
13-a 7.505 5.577 167.8 92.7 10.9 64.3
13-b 5.867 4.277 102.6 54.5 10.9 37.2
15 5.616 3.340 94.0 33.2 29.4 31.4
17 7.694 -0.109 176.4 0.04 51.3 125.0
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This table indicated that the energy absorption capacity of concrete was greater as the
cross-section of concrete got larger. No correlation was observed when predicted
absorbed energy of the LSC and NSC specimens were compared. It can be concluded
that the change in the concrete strength from 12 to 26 MPa did not have any

significant effects on the energy absorption capacity of beams under impact loading.

5.8 Parametric Study on Reinforcement

The specimens were reinforced using one 8 mm diameter steel reinforcement fixed at
center of specimen cross section in this research. A parametric study was conducted
to evaluate the variation of the behavior for various diameters of the reinforcement.
The parametric study was performed for Group 9, 10, and 16. All of these groups had
100%100%500 mm dimensions and had one 8 mm diameter reinforcement. Group 9
specimens were cast from LSC, Group 10 specimens were cast from NSC, and
Group 16 specimens were cast from SFRC. The reinforcement for these specimen
groups were varied from ¢8 to $20. The velocity-time relationships of beams having
various reinforcement diameters were obtained from ANSYS Analysis Software
Package. The results of this parametric study are shown in Figure 5-68 to Figure
5-70.
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Figure 5-68 — Velocity-time relationships of hammer obtained from ANSYS for

various reinforcement diameters for LSC specimens (Group 9 specimens)
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Figure 5-69 — Velocity-time relationships of hammer obtained from ANSYS for

various reinforcement diameters for NSC specimens (Group 10 specimens)
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Figure 5-70 — Velocity-time relationships of hammer obtained from ANSYS for

various reinforcement diameters for SFRC specimens (Group 16 specimens)
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The results indicated that as reinforcement diameter increased, the velocity of the
hammer decreased and the absorbed energy by the system increased. The difference
and variation between hammer velocities were greater for LSC specimens than that
of NSC specimen. This variation and difference were not significantly different for

SFRC specimens.
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6. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

6.1 Summary

This research investigated the experimental and analytical behavior of unreinforced
and reinforced concrete beams cast using conventional concrete (CC) and steel fiber
reinforced concrete (SFRC) under impact loading. Dramix ZP-305 type steel fibers
were used for SFRC. Half of the beam specimens were unreinforced and the others
were reinforced using one 8 mm diameter steel reinforcement fixed at center of
specimen cross section. Cylinder concrete compressive strengths used in this study
were 12 and 26 MPa for CC specimens and 35 MPa for SFRC specimens. Beam
specimens had 60x60x500, 100x100x500, and 150x150x500 mm dimensions. The
specimens were tested under impact loading using a drop-hammer testing apparatus
having a weight of 58.5 N. This weight was dropped from various heights (1.20,
2.00, and 2.95 m for unreinforced specimens and 2.95, 3.00, and 3.04 m for
reinforced specimens) based on specimen sizes. The slow motion videos of the tested
specimens were recorded using a high-speed camera having a frame rate of 2000 fps.
Experimental velocity-time relationships for hammer were obtained by analyzing of
recorded impact videos using the TEMA Motion Analysis Software. Beams,
hammer, and supports were modeled in ANSYS Finite Element Analysis Program
and parameters related to modeling were calibrated based on the test results. Riedel,
Hiermaier, and Thoma (RHT) Concrete Model was used in ANSYS Dynamic
Explicit AUTODYN solver. The results were compared to the experimental studies

on CC and SFRC in this research and input parameters of the model were modified.

6.2 Conclusions

The following conclusions were derived based on the findings of this research.

Based on the results of the comparisons of default and modified RHT Concrete

Model results for unreinforced CC specimens:
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e For Group 1 (LSC) and 2 (NSC) specimens having 60x60x500 mm dimensions,
the analytical velocity-time analytical relationships of hammer for both the default

and modified RHT Concrete Model fit well with the experimental relationships

e For specimen size of 100x100x500 mm, the analytical velocity-time relationships
of hammer using modified RHT Concrete Model for Group 3 (LSC) and 4 (NSC)

specimens estimated the experimental results better than the default model.

o For specimen size of 150x150x500 mm, the analytical velocity-time relationships
of hammer using modified RHT Concrete Model for Group 5 (LSC) and 6 (NSC)

specimens estimated the experimental results better than the default model.

e For Group 3 specimens (LSC - 100x100x500 mm), Group 5 specimens (LSC -
150x150%x500 mm), and Group 6 specimens (NSC - 150x150x500 mm), the
analytical velocity-time relationships of hammer using default RHT Concrete

Model resulted in a higher velocity after impact than the modified one.

e For Group 4 specimens (NSC - 100x100x500 mm), the analytical velocity-time
relationships of hammer using default RHT Concrete Model resulted in a much

lower velocity after impact.

Based on the results of the comparisons of default and modified RHT Concrete

Model results for reinforced CC specimens:

e For Group 7 (LSC) and 8 (NSC) specimens having 60x60x500 mm dimensions,
the analytical velocity-time analytical relationships of hammer for both the default

and modified RHT Concrete Model fit well with the experimental relationships

e For specimen size of 100x100x500 mm, the analytical velocity-time relationships
of hammer using modified RHT Concrete Model for Group 9 (LSC) and 10

(NSC) specimens estimated the experimental results better than the default model.

e For specimen size of 150x150x500 mm, the analytical velocity-time relationships
of hammer using modified RHT Concrete Model for Group 11 (LSC) and 12

(NSC) specimens estimated the experimental results better than the default model.
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Based on the results of the comparisons of default and modified RHT Concrete

Model results for unreinforced SFRC specimens:

e For Group 13-a and 13-b specimens having 60x60x500 mm dimensions, the
analytical velocity-time analytical relationships of hammer for both the default
and modified RHT Concrete Model with ¢=0.5 fit well with the experimental

relationships

e For specimen size of 100x100x500 mm, the analytical velocity-time relationships
of hammer using modified RHT Concrete Model with £=0.5 for Group 15

specimens estimated the experimental results better than the default model.

e For specimen size of 150x150x500 mm, the analytical velocity-time relationships
of hammer using modified RHT Concrete Model with 4=0.5 for Group 17

specimens estimated the experimental results better than the default model.

Based on the results of the comparisons of default and modified RHT Concrete

Model results for reinforced SFRC specimens:

e For Group 14 specimens having 60x60x500 mm dimensions, there was
significant variation between the experimental and analytical results, since the

hammer became tilted after the impact for these specimens.

o For specimen size of 100x100x500 mm, the analytical velocity-time relationships
of hammer using modified RHT Concrete Model with 1=0.5 for Group 16

specimens estimated the experimental results better than the default model.

e For specimen size of 150x150x500 mm, the analytical velocity-time relationships
of hammer using modified RHT Concrete Model with £=0.5 for Group 18

specimens estimated the experimental results better than the default model.

Based on the results of the comparisons of the predicted velocity-time relationships:

e For unreinforced specimens as the size of the specimen increased, the velocity of
the hammer decreased significantly no matter what the concrete strength was. For
reinforced specimens, the change in velocity of the hammer was approximately

equal for 100x100 and 150x150 mm specimens since the hammer stopped and
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deflected up for these group specimens. However, the specimens having 60x60
mm dimensions, the reinforcement did not have similar effect like larger
specimens. This specimen failed and the reinforcement was bent at the end of the
test.

e For unreinforced specimens as the concrete strength increased, the velocity of the
hammer decreased. For the reinforced specimens, the concrete strength did not
have any significant effect on the behavior.

e For smaller sized specimens, the effect of reinforcement is much larger. The
velocity of the hammer decreased more for smaller sized specimens. For larger
sized specimens, the difference of the velocity of the hammer between the

unreinforced and reinforced specimens was smaller.

Based on the results of the comparisons of the energy absorption capacity of the

unreinforced specimens:

e The energy absorption capacity of concrete was greater as the cross-section of
concrete got larger. No correlation was observed when predicted absorbed energy
of the LSC and NSC specimens were compared. It can be concluded that the
change in the concrete strength from 12 to 26 MPa did not have any significant

effects on the energy absorption capacity of beams under impact loading.

Based on the results of the parametric study:

e As reinforcement diameter increased, the velocity of the hammer decreased and
the absorbed energy by the system increased. The difference and variation
between hammer velocities were greater for LSC specimens than that of NSC
specimen. This variation and difference were not significantly different for SFRC

specimens.

6.3 Recommendations

The following recommendations may be suggested:
e The dropping heights for the specimens may be kept same for better comparisons

of the results.
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The concrete may be marked suing test marker at various locations to evaluate
the motion of concrete better.

Sensitive force transducers may be located at the support to evaluate the force of
the hammer.

Various diameters of the reinforcement may be used in future studies.

Higher concrete strengths may be used with larger reinforcement sizes in future

studies.
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8. APPENDICES

High Spe

developed specifically for
productioniine and autarmation
rault finding)

The FASTCAM MC2 has been designed to meet the requirements of
development and produciion engineers in manufacturing and
automation environments:

« A robust system with one or two remote camera heads that are
small and light weight enabling it to be positioned in inoccessible
and space limited environments.

« A light sensitive CMOS imaging sensor allowing images to be
captured with minimal additional lighting.

« High frome rates and image resolution fo allew clear visvalization
and mation analysis.

» Operational features necessary for recording in production
environments including optional handheld remote controller with

built-in LCD disploy.

« Gigabit Ethernet interface, complete with automatic download
to users network.

Photron

www.photron.com

]

Two small and lightweight camera head types:

« Cube Cam: 35mm (1.38%) x 35mm (1.38) x 33.3 mm (1.317)
* Pencil Cam: 23mm (0.91) x 23.2mm (0.91%) x 77.1mm (3.04")

n

2,000 fps (frames per second) recording rate at full image resolution

= Rugged design for use in industrial enviranments. Remote camero head
with 7 meter cable allows positioning in difficult to access locations

Three model opfions (monachrome or color):

*Model 500: 512 x 512 pixel resolution ot frame rates up to 500 fps
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*Model 10K: 512 x 512 pixel resolution af frome rates up fo 2,000 fps
and frame rates up to 10,000 fps with reduced image resolution

[ ]

168 (4 seconds recording time at 1,000 fps), 2GB (8 seconds recording time
at 1,000 fps) or 46B (16 seconds recording time at 1,000 fps ) memory

[ ]

Gigabit Ethernet control vio Photron FASTCAM Viewer (PFV) software

]

Optional handheld remote contraller with integrated 5” LCD monitor for
simple control of all functions and viewing of live and recorded images

]

High speed videa can be synchranized with external analog data from load
cells or occelerometers with optional DAQ

Figure A-1 — Specifications of high-speed camera 1
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Figure A-7—- Comparison of the motions for various times after impact obtained from
the impact tests and the analyzed model for 150C12-3
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Figure A-8— Comparison of the motions for various times after impact obtained from

the impact tests and the analyzed model for 150C26-1
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Figure A-9— Comparison of the motions for various times after impact obtained from

the impact tests and the analyzed model for 60C12R-2
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Figure A-10- Comparison of the motions for various times after impact obtained

from the impact tests and the analyzed model for 60C26R-2
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Figure A-11- Comparison of the motions for various times after impact obtained
from the impact tests and the analyzed model for 100C12R-2
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Figure A-12— Comparison of the motions for various times after impact obtained

from the impact tests and the analyzed model for 100C26R-3
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Figure A-13—- Comparison of the motions for various times after impact obtained

from the impact tests and the analyzed model for 150C12R-2
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Figure A-14— Comparison of the motions for various times after impact obtained

from the impact tests and the analyzed model for 150C26R-3
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Figure A-15- Comparison of the motions for various times after impact obtained
from the impact tests and the analyzed model for 60SFRC35-1
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Figure A-16— Comparison of the motions for various times after impact obtained
from the impact tests and the analyzed model for 60SFRC35-3
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Figure A-17- Comparison of the motions for various times after impact obtained
from the impact tests and the analyzed model for 60SFRC35R-1
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Figure A-18- Comparison of the motions for various times after impact obtained
from the impact tests and the analyzed model for 100SFRC35-1
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Figure A-19- Comparison of the motions for various times after impact obtained

from the impact tests and the analyzed model for 100SFRC35R-1
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Figure A-20- Comparison of the motions for various times after impact obtained

from the impact tests and the analyzed model for 150SFRC35-2
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Figure A-21- Comparison of the motions for various times after impact obtained
from the impact tests and the analyzed model for 150SFRC35R-3
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