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ABSTRACT

MODELING OF REINFORCED CONCRETE UNDER HIGH STRAIN
RATE CONDITIONS USING NONLINEAR FINITE ELEMENT
METHOD

In this study, a comprehensive experimental and numerical study was
undertaken to model concrete under high strain rate conditions. Concrete cylinder
specimens, all obtained from the same batch, were tested both under static and high
strain rate conditions. 15 cylinder specimens were tested under 3.55X10'5, 3.23X10'4,
2.97x107 1/s strain rates, whereas three identical specimens were tested using a Split
Hopkinson Pressure Bar (SHPB) test setup under 235, 245, 260 1/s strain rates. Used
SHPB setup was modified to include quartz crystal stress sensors, so that the stresses
developed in the specimens were directly obtained, eliminating common issues
regarding stress readings in a conventional setup. Stress-strain behavior and other
material parameters that would be necessary for numerical modeling were obtained
under various strain rates. Test samples were modeled using an explicit finite element
program LS-DYNA, using Holmquist-Johnson-Cook model with experimentally
obtained model parameters. To verify the obtained parameters further, drop tower test
on concrete plates were also performed and modeled. Numerical modeling of both
SHPB samples and concrete plates were successful in capturing the observed behavior.
The study also provided the literature with a reliable test data with complete parameters

that can be used for further studies in the area.



OZET

BETONARMENIN YUKSEK HIZLI SEKIL DEGISTIRME
KOSULLARI ALTINDA DOGRUSAL OLMAYAN SONLU
ELEMANLAR YONTEMIYLE MODELLENMESI

Bu c¢alismada, betonun yiiksek hizli sekil degistirme kosullar1 altinda
modellenmesi i¢in kapsamli bir deneysel ve sayisal calisma yapilmistir. Ayni
karisimdan elde edilen silindirik beton numuneleri hem statik hem de yiiksek hizli sekil
degistirme kosullarinda test edilmistir. Statik testler toplam 15 silindirik numune
iizerinde ve 3.55x107, 3.23x10™ ve 2.97x107 1/s sekil degistirme hizlarina sahip olacak
sekilde yapilmistir. Ayrica ii¢ 6zdes numune kullanilarak Split Hopkinson Basing Bari
(SHBB) testleri 235, 260, 245 1/s sekil degistirme hizlarinda tamamlanmistir.
Kullanilan SHBB diizenegi, piezo-elektrik kuartz kristal alicilar1 kullanilarak modifiye
edilmis ve bu sayede numunelerde olusan gerilmeler klasik diizeneklerdeki gerilme
verisi tespiti agsamasinda karsilasilan yaygin sorunlar asilarak dogrudan numune ¢ubuk
araylzlerinden okunabilmistir. Numerik modelleme igin gerekli gerilme-sekil
degistirme davranis1 ve diger malzeme parametreleri farkli sekil degistirme hizlar
altinda tespit edilmistir. Numuneler, sonlu elemanlar analiz programi LS-DYNA ile
parametreleri deneysel olarak belirlenmis malzeme modeli Holmquist-Johnson-Cook
(HJC) kullanilarak modellenmistir. Elde edilen malzeme modeli parametrelerinin
dogrulugunun teyit edilmesi amaciyla prizmatik beton plakalar ile diisen agirlik testleri
ve nilimerik analizleri yapilmigtir. SHBB ve diisen agirlik niimerik analizleri
gozlemlenen deneysel davranisi basariyla temsil edebilmistir. Caligma ayni zamanda
giivenilir deneysel verilerini tiim parametreleriyle barindirmasiyla literatiire latki

saglamis olup bu alanda gelecekte yapilacak calismalarda kullanilabilecektir.
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CHAPTER 1

INTRODUCTION

1.1 General

Structures might be exposed to high loading rates due to impact and blast
loading throughout their lifespan. Explosions at military or industrial buildings, vehicle
collisions to bridge piers and rock-fall to barriers in transportation structures, impact
loads owing to sea waves can be listed as examples of extreme loadings on structures.
Such loading effects can produce high strain rates on the structural material since they
occur in very high magnitudes in a very short period of time. Materials exhibit
considerably different behavior at high strain rates compared to their quasi-static
behavior. To obtain sensitive and accurate analysis results of structures subjected to
extreme loadings, it is important to formulate the material behavior under high strain
rates. For this purpose, many researchers have investigated the behavior of structural
materials under high strain rate conditions, including reinforced concrete (RC).

Split Hopkinson Pressure Bar (SHPB) setup is a commonly used test method to
investigate the behavior of concrete at high strain rates. A large number of SHPB tests
have been reported in the literature on concrete. However, due to complex nature of
testing conditions, reported test results often contain problems with the stress
homogeneity in the specimens and interpretation of readings using one dimensional
wave theory. Moreover, in brittle materials including concrete, it is difficult to
determine the stress developing on the material due to the probability of premature
failure. On the other hand, in each individual study performed, all the parameters that
would be required in a numerical modeling were usually not gathered, creating
problems when these studies are used to develop or calibrate numerical models for
concrete under high strain rate conditions.

In this study, the behavior of concrete at both high and low strain rates were
investigated and significant parameters for numerical modeling of concrete under high
strain rates were determined through an experimental and numerical program. High
strain rate tests of concrete were conducted using a modified SHPB setup, testing three
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cylindrical specimens of 45 mm length and 39.5 mm diameter under 235, 245, 260 1/s
strain rates. The stresses at the specimen faces were obtained not only by indirect
measurement of strain gauges on aluminum bars as they are in a conventional SHPB
apparatus, but also through direct measurements provided by a modified SHPB setup
with piezoelectric quartz crystals mounted on the bar-specimen interfaces. By this way,
strength enhancement of concrete under high strain rates could be determined in high
precision. In addition, 15 static tests were performed at 0.0045, 0.045 and 0.45 mm/s
cross head speeds with specimens that had identical geometry with those tested under
high strain rates using SHPB setup. Specimens tested under static and high strain rates
were all obtained from the same concrete batch, ensuring a reliable comparison between
quasi-static and high strain behavior of exactly identical specimens. Performed high
strain rate tests were also modeled in LS-DYNA which is an explicit nonlinear finite
element software. In the numerical study, Holmquist-Johnson-Cook (HJC) material
model was used. The model parameters in the material model were determined from the
test results.

Finally, to verify the obtained parameters of the material model, drop tower tests
were conducted and numerically modeled in LS-DYNA. For this purpose, six prismatic
specimens with 200x200x20 mm dimensions were cast from the same batch with
cylindrical specimens. Three of the specimens were tested by releasing a striker having
15.68 kg mass with an impact velocity of 1 m/s while the rest of the specimens were

tested by 3 m/s. These tests were modeled in LS-DYNA by using HIC material model.

1.2 Literature Review

Determination of mechanical properties of concrete under high strain rates has
been a subject of numerous studies. Malvern et al. (1985) conducted one of the first
significant experimental SHPB studies about the concrete behavior under high strain
rates. In this study, effect of aggregate size and their types in the specimen were
investigated experimentally. Throughout the dynamic tests, strain rates varied between
10 and 100 1/s and cylindrical specimens had length-to-diameter (L/D) ratio of 1. In
total, four different aggregate types were used for high strength (97 MPa) concrete
mixes. Three of them had a maximum aggregate size of 12.5 mm while the last type had

9.5 mm. A clear strength increase was reported for all concrete types while researchers
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posed a new question about the possibility of observed strength increase being
associated with lateral inertia confinement.

Ross (1989) conducted tests by three different types of high strain rate tests as:
direct tension, direct compression and split cylinder (indirect tension) tests by SHPB
setup. Concrete specimens had 51 mm length and diameter having an L/D ratio of 1.
Maximum aggregate size was selected to be 9.5 mm in the specimens. From the results,
it was found out to be strain rate sensitivity of direct tension tests were two to four times
greater than that of compression tests at identical strain rates. In the study it is
mentioned that compressive tests stress homogeneity along the specimen length was
provided.

Bischoff and Perry (1991) published a review paper which investigates the
experimental studies that have been performed until the beginning of 1990s. The
available literature about uniaxial compressive behavior of concrete material under high
strain rate was investigated in the study. Collected data on concrete strength variation

by strain rate is presented in Figure 1.1.
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From the collected test results, a logarithmic strength enhancement was
observed by increasing strain rate. On the other hand, reasons of strength enhancement
was also discussed, and strain-rate dependence of tensile micro-fracture and transition
from uniaxial stress state to uniaxial strain by lateral inertia confinement were counted
as possible reasons. It is concluded with an observation that, failure strain, strength,
elastic modulus and Poisson’s ratio increased by increasing strain rate in the vast
majority of the studies.

Tedesco and Ross (1998) followed an experimental program to investigate the
static and dynamic properties of concrete. For this purpose, direct compression and split
tensile tests were performed on cylindrical concrete specimens having a length and
diameter of 51 mm. For quasi-static tests, strain rate range was selected to vary from 10
"t0 107 1/s while it was varied from 10 to 10* 1/s for dynamic tests. Approximately 60
direct compression and 70 split tensile tests were conducted under high strain rates by
means of an SHPB setup. From results, a critical strain rate was detected after which a
significant strength increase was observed. These levels were pointed out to be 2 and 60
1/s for tension and compression, respectively. Material characterization results were
then statistically analyzed and strain rate dependent constitutive equations for both
tension and compression were developed in the study. Finally, developed constitutive
equations were used to modify a hypo-elastic based nonlinear material model in
ADINA finite element software.

Grote and Zhou (2001) focused on dynamic characterization of mortar and
concrete material. For this purpose, quasi-static, SHPB and direct impact tests were
conducted on circular specimens. Quasi-static tests were performed on specimens
having a 76.2 mm diameter, a 152.4 mm length (L/D=0.5) and compressive strengths
were detected as 30 and 46 MPa for concrete and mortar, respectively. Afterwards,
SHPB tests were held on mortar specimens that ranged from 250 to 1700 1/s strain rate.
The specimens had various L/D ratios with two specific diameters; either 19.05 or 12.70
mm. In the study, mortar was reported to exhibit rate-sensitive behavior in the range of
107 -1700 1/s and specifically above the strain rate of 400 1/s. Plate impact tests were
performed on both concrete and mortar specimens with the dimensions of 76.2 mm
diameter and 10 mm thickness. Projectile velocities varied between 277 and 330 m/s
caused an average strain rate at the specimen on the order of 10* 1/s with 1-1.5 GPa

confining pressure. Average compressive strengths of mortar specimens at specific (290
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and 330 m/s) impact velocities was detected to be 1.2 and 1.3 GPa, respectively, and
identical impact velocities to the concrete specimens resulted in 1.55 and 1.7 GPa
average compressive strength. Results indicated that the stress levels were at least eight
times higher than those of SHPB tests, and high strain rate effect with lateral confining
pressure (~1 GPa) was regarded as the cause of the increase in strength.

Li and Meng (2003) performed numerical analyses on concrete-like materials by
SHPB setup simulations. The study basically concentrated on the source of strength
enhancement of concrete material under high strain rates. Finite element (FE)
simulations were conducted by ABAQUS/Explicit code using Drucker-Prager material
model (Drucker and Prager, 1952) for concrete. This material model was plasticity
based pressure dependent and strain rate insensitive model. Throughout the analyses,
three different slenderness ratios (L/D) were investigated as 0.33, 0.5 and 1. From the
results, it was seen that, in the range of selected slenderness ratio results did not vary
significantly. On the other hand, a further analysis was made on the specimen with L/D
ratio of 0.5. For this purpose, problem was solved at two different nominal strain rates
as 27 1/s and 390 1/s. Hydrostatic pressure was found out to be one-third of uniaxial
compressive stress in the 27 1/s test, and this finding yielded to a conclusion that there is

no confinement effect caused by other two principle stresses (Figure 1.2).
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Figure 1.2. Axial stress and hydrostatic stress against axial strain at a strain rate of
27 1/s (Source: Li and Meng, 2003)

On the other hand, in the 390 1/s test, hydrostatic pressure was observed to be
almost equal to uniaxial compressive strength and ultimate compressive strength was

almost twice the quasi-static strength (Figure 1.3).Therefore; the study was concluded
5



that strength enhancement was strongly influenced by hydrostatic pressure due to lateral

confinement effect.
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Figure 1.3. Axial stress and hydrostatic stress against axial strain at a strain rate of
390 1/s (Source: Li and Meng, 2003)

In order to understand the source of strength increase of concrete specimens
tested by SHPB setup, studies were carried on to determine how the strength affected
from different aspect ratios of specimens, bar-specimen friction interaction and the
aggregates contained in the sample. The work of Hao et al. (2011) is one of the studies
that have been made under this area. Authors have stated that empirical strength
enhancement functions, which were proposed in the literature, are often suggested for
concrete-like (aggregate-free or mortar) materials, and these functions may give
inaccurate results for concrete. On the other hand, it has been mentioned that almost no
studies conducted in previous years which have examined the effect of aggregates on
the increase in material strength systematically. As a result, numerical studies were
carried out by AUTODYN software at various volumetric percentages of aggregates
(20%, 30% and 40%), and an analytical formulation was proposed to modify the
previously obtained empirical strength enhancement functions under aggregate
variability.

Two years later Hao et al. (2013) have conducted numerical and experimental
studies to investigate the lateral confinement effect of the friction at the specimen-bar
surfaces. Mesoscale numerical models with distinctive evaluation of various

components in concrete specimens were created by AUTODYN software and analysis



were conducted parametrically (Figure 1.4). Five different friction coefficients and three

different aspect ratios (0.5, 1 and 2) were selected.

L/D=2.0

200mm

Symmetric axis

Figure 1.4. Mesoscale models with various L/D ratios

Under these conditions, parameters such as aspect ratio, coefficient of friction
and strain rate significantly affected the stress-strain relation and fracture mechanisms
of concrete. Finally, they proposed an empirical formulation which removes frictional
effects from previously obtained empirical strength enhancement functions due to the
fact that in experimental applications aforementioned effects could not be eliminated.

In the study of Guo et al. (2017) a test program was conducted on dynamic
compressive behavior of high-strength concrete. Specimens had three different strengths
(60, 80 and 110 MPa) with 10 mm maximum aggregate size and ® 77 x 40 mm
cylindrical geometry. High strain rate tests were performed to be in the range of 40-110
1/s throughout the tests. Figure 1.5 presents the variation of the dynamic increase factor
(DIF). DIF is the ratio of dynamic strength to quasi-static strength and usually used to
evaluate the strain rate sensitivity of the concrete. From the figure it can be observed
that 60 and 80 MPa strength concretes were much more sensitive to strain rate
compared to that of 110 MPa concrete. A comparison is made between the CEB-FIB
(2010) and experimental data. It is observed that CEB-FIB (2010) equation fits better in
normal strength concrete. FE code ABAQUS Explicit was also used to simulate SHPB
tests on high strength concrete specimens. In the simulation, axisymmetric models were
created using the concrete damage plasticity model. Strain rate dependence of material
model was provided by scaling static response using DIF determined from tests.
According to analysis results, it was seen that FE model based on quasi-static
mechanical properties and including DIF obtained from experimental study is able to

simulate SHPB tests and concluded that DIF values are reasonably representative.
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Figure 1.5. Dynamic increase factor of high strength concrete
(Source: Guo et al., 2017)

Table 1.1 summarizes loading methods, specimen sizes and range of strain rates

presented in the mentioned studies with additional literature.

Table 1.1. The basic studies examining high strain rate behavior of concrete and
reinforced concrete

Specimen Size Strain Rate
Referrence Test Type (diameter x length)
(1/s)
(mm)
O76 x 76
Malvern, L. E. Et al. 1985. SHPB B76 x 66 59-118
$6.35x9.5
Jawed, I. et al. 1987. Hydraulic and SHPB P12.7 x 191 10°
$19.05 x 28.6
Gran, J. K. et al. 1989. 400 MPa explosive gas 150 x 300 0.5-10
loader
Ross, C. A. et al. 1989. SHPB ®51 x 51 20-190
Tedesco and Ross 1998 SHPB ®51 x 51 107"-10°
d76.2x10
Grote and Zhou 2001. SHPB and plate impact ®12.70 x Varies 250-1700
. and 10
$19.05 x Varies
Wang, S. et. al. 2011 SHPB O 77 x 38 10-300
Su, H. et. al 2014 SHPB @ 100 x 50 20-120
Xiao, J et. al 2015 SHPB ® 70 x 35 10-100
Deng, Z. Et. al 2016 SHPB ® 70 x 35 70-140
Guo et. al 2017 SHPB O 77 x 40 40-110




There are also numerous numerical studies available in the literature on
modeling the high strain rate response of concrete members. Magnusson et al. (2010)
conducted FE simulation of RC beams exposed to air blast loading by ANSYS
AUTODYN explicit solver. A previous experimental test program of authors was taken
as reference source for the analyses. In simulations, beams with normal-strength (NSC)
and high-strength concrete (HSC) were investigated and Riedel, Hiermaier and Thoma
(RHT) material model (Riedel et al., 1999), which is a constitutive model including
tensile failure criterion, was used. Strain rate sensitivity was introduced for both tensile
and compression strength by an empirical function of a dynamic increase factor (DIF)
offered by CEB (1990). Steel reinforcements were defined by means of both Johnson &
Cook (Johnson and Cook, 1983) and modified Johnson & Cook material models
(Westerling, 2005). In the study, an attempt to estimate the failure modes of beam
members were made since such mechanisms are directly related with energy absorption
capacity of an RC member. According to results of analyses, FE simulations with RHT
model associated with a bi-linear crack softening model of concrete in tension is well
suited for dynamic structural analysis of NSC and HSC members.

Lin et al. (2014) conducted numerical analysis of reinforced concrete slabs
under blast effect using nonlinear finite element code LS-DYNA. In the study,
geometrical and mechanical properties of slabs were taken from experimental studies in
the literature. For this purpose, four slabs with three different geometrical
configurations were selected. All slabs had an average concrete compressive strength of
either 48 MPa or 40 MPa. Karagozian & Case Concrete Model-Release 111 (LS-DYNA
Manual, 2014), which is a plasticity based and strain rate sensitive material model, was
selected for concrete. Strain rate sensitivity was included for both tensile and
compression strength through a DIF function offered by CEB (1990). Reinforcement
bars were also modeled using a strain rate sensitive material model (Plastic Kinematic
Model) in the simulation. Maximum center point deflections obtained from the
experimental study and numerical analyses were compared with each other.
Discrepancies did not exceed 11%, and the authors emphasized that the used FE model
is effective and accurate for modeling the structural members such as slabs under high
strain rate conditions.

Li et al. (2014) performed a parametric study on RC columns under blast

loading. Parameters to be investigated were selected to be the length and depth of the



columns with variable longitudinal and shear reinforcement ratios. In order to simulate
the behavior of columns, the model was initially attempted to be calibrated by means of
a tested column. However, due to lack of column spall damage observation in the
literature, an RC slab was selected for calibration. Once the model was calibrated, FE
model of columns were built. The FE software (LS-DYNA), material model
(Karagozian & Case Concrete Model-Release I1I) and strain rate sensitivity model were
selected to be identical to the study mentioned above. Columns were subjected to
identical blast loading scenarios in each set of analysis. It was observed that the spall
damage was independent of flexural stiffness. It was discussed that spall damage
occurred in a very short period of time before columns structurally responded to the
blast load. On the other hand, longitudinal reinforcement ratio and depth of column
were found to be parameters that have significant effects on spall damage by mitigating
the damage.

The importance of behavior change of concrete and concrete like materials
under high strain rates can be observed from the presented literature. However, these
SHPB tests failed to achieve a commonly accepted DIF function which can reflect the
true behavior of concrete under high strain rate conditions. As a result, numerous
different models were developed and used to model concrete under high strain rates,
each of which may give significantly different results. From this point of view, the
proposed study will be one of the important and rare studies which investigate this
problem using both experimental and numerical techniques through following a static
and dynamic mechanic characterization methodology aiming to eliminate deficiencies

in the present literature.

1.3 Thesis Organization

Following this chapter, Chapter 2 starts with the introduction of Holmquist-
Johnson-Cook (HJC) material model theory. Concrete material characterization was
described and determination of material properties followed. Later, numerical
simulation of Split Hopkinson Pressure Bar (SHPB) to investigate the accuracy of
detected material model parameters was presented in this chapter.

In Chapter 3, drop tower tests of six prismatic concrete specimens were

presented, which were exposed to various boundary conditions and impact velocities.

10



Presentation started with description of test setup and continued by test results and
discussion sections. Finally, chapter is closed by damage evaluation of specimens.

Chapter 4 starts with a detailed explanation of drop tower simulations. Obtained
force histories both from tests and numerical analyses were compared. Discussion ends
with a comparison of final state FE model crack prediction with those of tests. Accuracy
of mechanical characterization and behavior of material under various strain rates,
although relatively lower strain rates compared to SHPB, could be observed.

A brief summary and evaluation of tests and numerical studies were presented in

Chapter 5. Recommendations for future studies were also presented in this chapter.
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CHAPTER 2

CHARACTERIZATION OF CONCRETE MATERIAL

2.1 Introduction

In this chapter, theory of Holmquist-Johnson-Cook (HJC) material model and
determination of material model parameters will be presented in detail. Afterwards, a
numerical simulation of Split Hopkinson Pressure Bar (SHPB) to investigate the

accuracy of determined material model parameters will be presented.

2.2 Theory of Material Model

Holmquist-Johnson-Cook model is well suited for concrete exposed to large
strains, high strain rates and pressure. Additionally, theoretical background of the model
is relatively simple and most of the significant cases of concrete behavior such as
pressure, rate dependency, compaction and damage cracking are considered in the
model. HJC is an elastic-viscoplastic material model and material response is expressed
by deviatoric and hydrostatic stress contributions. The deviatoric stress response of

concrete material is presented in Figure 2.1.
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Figure 2.1. Deviatoric stress representation of HJC model with respect to
normalized pressure (Source: Holmquist et al, 1993)
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In the figure, vertical axis ¢* is the normalized equivalent stress defined by
(a/f';) where o and ', denotes equivalent stress and uniaxial compressive strength of
concrete material, respectively. Horizontal axis P* is the normalized hydrostatic

pressure given by (P/f'_ ) where P denotes pressure. Normalized equivalent stress is

expressed by functions of strain rate and pressure given by Equation (1).

o* = [A(1 — D) + BP*N][1 + CIn&*] < Spax (1)

In the equation, 4, B, N and C are material constants which represent normalized
cohesion strength, normalized pressure hardening, pressure hardening exponent and
strain rate sensitivity, respectively. €* is the normalized strain rate, given by £* = /&,
where € is the strain rate and &, is the reference strain rate. D is the scalar damage
variable resulting in reduction of the cohesive strength which ranges from 0 to 1. S,y 18
the maximum strength obtained by normalization of equivalent strength by uniaxial
compressive strength f”..

The damage model of material is defined in terms of equivalent plastic strain

and equivalent volumetric plastic (compaction) strain and given by Equation (2).

Agp+Apy
D=Y—"—""F (2
2 @
In the equation Ae, and A, are the equivalent plastic strain increment and
equivalent volumetric plastic strain increment, respectively and f (P) is the plastic strain

to fracture under a constant pressure, P with the specific expression

(P* + T*)P2 where D;, D, are damage constants. T* is the normalized hydrostatic
f

tensile strength, as shown in Figure 2.2 . In the figure, lower €, ..., limit is provided to
ensure sufficient plastic strain which will prevent fracture due to low magnitude of

tensile waves.
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Figure 2.2. Damage model owing to effective plastic strain
(Source: Holmquist et al, 1993)

Volume-pressure (compaction) interaction is presented schematically in Figure
2.3.
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Figure 2.3. Volume-pressure interaction of HIC model
(Source: Holmquist et al, 1993)

In the figure, horizontal axis u denotes volumetric strain, and vertical axis P
represents hydrostatic pressure. In the axes the nodes P.,ysn > Piock denote for crushing
and locking pressure while i r,sn and py,q represent crushing and locking volumetric
strains. Pressure-volume relation is evaluated in three regions. The first region is the
linear elastic zone (P < P_,,s;) Which can be expressed by elastic bulk modulus and
defined as K,justic = Perusn/Merush- The second region is of a transition (Pgysp < P <

Py,cr) from elastic to fully damaged concrete by air voids progressively extract from the

14



concrete and result with increase of plastic volumetric strain. Finally, the third region is
fully compact zone (P > P,,.;) and material assumed to be completely damaged and
dense without tensile strength. The function of pressure is represented by P = Ky i +
K, + K3t where K;, K, and K3 are the material constants that is used to fit an equation
to the hydrostatic pressure and shock Hugoniot data, and i, the modified volumetric
strain, is given by Equation (3). Shock Hugoniot data is a method of describing the
relationship between the states on both sides of a shock wave in a 1D deformation in
solids, and obtained by plate impact tests which generates very high strain rates and

high pressures over the specimens.

U—Hlock 3)

’[I =
1+Uiock

2.3 Material Characterization and Determination of Model Parameters

Material characterization of concrete will be explained in this section.
Discussion starts with the concrete mixture for production of concrete specimens. Quasi
static tests at different strain rates follow. SHPB tests are presented afterwards and
finally section is closed with a verification work of obtained material model constants

by a numerical SHPB model.

2.3.1 Concrete Material

To obtain the required strength and quantity, a mix design for 130 liter concrete
was performed. Concrete volume consists of approximately 75% by the aggregates
(Erdogan, 2013). Moreover, aggregates considerably contribute to the mechanical
properties of concrete. Generally, aggregates have brittle and high strength nature.
Durable and stiff aggregates also resists to the corrosive environmental influences.
Additionally, workability properties and ingredient proportions of concrete mix will be
highly affected by aggregates. As a result, detection of aggregate properties such as
grading, maximum aggregate size, and water absorption capacity become an important
issue. Among these properties, grading of aggregate was checked first. This procedure

was performed by following ASTM C 136 code, which presents a test method for sieve
15



analysis. Using this sieve analysis method, the distribution of particle size of coarse/fine
aggregates and maximum aggregate size can be determined.

In Figure 2.4, the gradation curve obtained from used aggregates are presented,
including ASTM upper and lower limiting curves for coarse and fine aggregates. The
maximum aggregate size (Dpax) 1s observed to be 4.75mm. In the literature, concrete
material is defined as a mortar mixture which also includes coarse aggregates (Erdogan,
2013). According to ASTM C 125 code 4.75mm aggregate size is the separation point
between coarse and fine aggregates. Therefore the mixture used in the specimen can be

classified as concrete since it contains coarse aggregates.

===Grading —a—ASTM Fine Aggregate Lower Limit Curve
~+=ASTM Fine Aggregate Upper Limit Curve =+=ASTM Coarse Aggregate Upper Limit Curve
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Figure 2.4. Aggregate gradation curve

Saturated surface-dry (SSD) bulk specific gravity, ratio of material density to
water density, was determined according to ASTM C 127 code and obtained as 2.56.
Water absorption capacity and moisture content of the aggregates were also determined

and presented in the Table 2.1.
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Table 2.1. Aggregate physical properties

Physical Property
SSD Bulk Specific Gravity 2.56
Water absorption (%) 3.9
Moisture Content Dry

The quality and amount of cement directly affects the mechanical strength of
concrete. In this study, Portland cement CEM I 42.5R was used. ACI 211.1 was
followed to calculate the concrete mix ingredient proportions considering slump,
maximum aggregate size, mixing water weight, air volume, water/cement (W/C) ratio,
cement weight, and aggregate amount. 150 mm to 175 mm slump was selected due to
casting the concrete to the relatively small prism formworks. A maximum aggregate
size of 4.75 mm was selected, which is large enough to classify the mixture as concrete
and small enough not to violate 1/10 ratio of aggregate to specimen diameter at the
SHPB tests. Required mix water amount in a meter cube concrete was determined from
the table given in ACI 211.1 depending on chosen maximum aggregate size. W/C ratio
was selected as 0.40 mainly based on the aimed strength of concrete and cement amount
in a meter cube concrete was calculated accordingly.

130 liter concrete batch was produced for specimens. From the produced
concrete; prism (45x45x220 mm), standard cube (150x150x150 mm) and cylinder (150
mm diameter with 300 mm length) specimens were taken and kept in water cure for 28
days. Concrete strength tests at 28" day were performed by using a hydraulic press
device. For this purpose five standard cylinder specimens were selected from the batch.

Results are presented in Table 2.2.

Table 2.2. Compressive strength of standard cylinder specimens

Specimen | Cylinder #1 Cylinder#2  Cylinder #3  Cylinder #4  Cylinder #5
Concrete at 23.66 30.76 33.33 27.5 28.75
28" day
Average 28.8 MPa
Strength

Concrete specimens that were used for static and dynamic characterization tests
were cut precisely by core drills to have aimed geometry (Figure 2.5). Specimen

surfaces must be parallel to each other. This is a significant parameter which effects the
17



test results of a material like concrete that have relatively low failure strain value of
about 0.2%. Surface irregularities cause non-homogenous stress distribution over the
specimens. Therefore, specimen surfaces were polished and ensure to have perfectly

parallel faces.

(a) Concrete specimen (b) Core drill

Figure 2.5. Precisely cut specimen

2.3.2 Static Tests

Static tests were performed at Dynamic Testing and Modeling Laboratory of
Izmir Institute of Technology. Shimadzu AG-X universal testing machine, which has a

tension and compression capacity of 300 kN, was used for the quasi-static tests (Figure
2.6).

Figure 2.6. Shimadzu AG-X Testing Machine
18



In the quasi static tests, strain rate is directly related with cross head speed of the
testing device. Therefore, three different cross head speeds were selected as 0.0045,
0.045, and 0.45 mm/s. Six specimens were tested with a cross head speed of 0.0045
mm/s, and data was recorded once a millisecond (ms) for Test 1, 2 and 3, while it was
once every 30 ms, 300 ms and 200 ms for Test 4, 5 and 6. During tests, force, time and
displacement variables were recorded, and the data obtained from Test 1 is shown in
Figure 2.7 as a typical example. While force and time values were gathered directly
from testing machine, deformation of specimen was followed both by a video
extensometer and cross-head displacement. Video extensometer followed the stickers
placed on the specimen and recorded the change in gauge length. However, cross-head
displacement, which is also known as stroke, not only recorded the change in length of
specimen but also all other elastic components of testing device. Therefore, as it can be
observed from the figure, displacement measurement exhibits a significant difference

between two measurement methods.
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Figure 2.7. Variable histories of Test 1

Strain measured from video extensometer was used for these tests since solely
the change in gauge length is taken into account. Obtained stress-strain curves are
presented in Figure 2.8. In tests 4 and 5, post-peak strains were not captured since

stickers placed on the specimens have fallen due to crushing of concrete in these tests.
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Figure 2.8. Stress-strain curves of quasi static tests with 0.0045 mm/s cross head
speed

Failure stresses and corresponding strain values are presented in Table 2.3. It can be
observed that, stress and strain values does not varies significantly for the five tests and

results in an average strength of 62 MPa.

Table 2.3. Stress and strain values at failure

Specimens #1 #2 #3 #4 #5
Strength (MPa) 60.5 60 60 64.5 64
Failure Strain 0.003 0.0027 0.0031 0.0032 0.0029

One additional specimen was tested under this cross head speed using strain
gauges glued on the specimen parallel to the specimen axis, to measure the strains

directly and to obtain the actual strain rate of the specimen (Figure 2.9).

Figure 2.9. Strain gauges glued on the axial and circumferential directions of the
specimen
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A strain gauge glued at the mid height of the specimen in transverse direction
was also used to measure circumferential strains and thus obtain the Poisson's ratio. In
Figure 2.10(a) Poisson’s ratio is presented with stress variation against strain. For this
specimen, compressive strength was found to be 62 MPa with a corresponding strain of
0.0035. Poisson’s ratio was simply calculated by dividing the transverse strain to axial
and obtained as 0.22 which is close to commonly reported in the literature. In Figure
2.10(b), strain-time curve is presented which was used to calculate the strain rate. For
this purpose a linear fit was created and then the slope of the fit was considered to be
the average strain rate of test specimen, which is found to be 3.55x10” 1/s. Average

compression strength of six concrete specimens was detected to be 62 MPa.
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Figure 2.10. Specimen with strain gauge at with 0.0045 mm/s cross head speed

Next, six tests were conducted with a cross head speed of 0.045 mm/s.
Deformation measurements of five tests were performed by following the stickers
located on the specimen with video extensometer similar to the previous test set. Gauge
lengths of the specimens were measured to be: 20.38, 20.13, 20.23, 22.95 and 22.82 mm
for the first, second, third, fourth and fifth specimens, respectively. Stress-strain
relationships and stresses with corresponding strains are presented in Figure 2.11 and
Table 2.4, respectively. According to results, it is understood that strength of concrete
material did not vary significantly. However, failure strains of specimens tend to vary

between 0.0022 and 0.0037.
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Figure 2.11 Stress-strain curves of quasi static tests with 0.045 mm/s cross head

speed
Table 2.4. Stress and strain values at failure
Specimens #1 #2 #3 #4 #5
Specimen (MPa) 63 65.5 63.5 65.52 66.5
Failure Strain 0.0034 0.0022 0.0032 0.0037 0.0027

One quasi static test at this cross head speed was performed with strain gauges
on the specimen. In Figure 2.12(a) Poisson’s ratio is presented with stress variation
against strain, and peak stress was obtained to be 64 MPa with a corresponding strain of
0033. In Figure 2.12(b) strain is presented against time and a linear fit on the curve was
created. The slope of the fit, in other words average strain rate of specimen was
calculated to be 3.23x10™ 1/s. Poisson’s ratio of specimen was calculated following the
same approach with the previous test group and obtained to be 0.19. Average

compressive strength of six specimens was found to be 65 MPa.
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Figure 2.12. Specimen with strain gauge at with 0.045 mm/s cross head speed

Finally, three concrete specimens were tested with a cross head speed of 0.45
mm/s. Deformation measurements of first two tests were conducted with video
extensometer while the last test with strain gauge. Gauge lengths were measured to be
22.33 and 21.84 mm for the first and second specimens, respectively. Obtained stress-
strain curves are presented in Figure 2.13. From the figure it can be seen that the peak
stresses of the specimens do not vary significantly, and failure strain values of the
specimens are found out to be in close proximity to a value of 0.0024. In Figure 2.14,
stress-strain and strain-time curves are presented for the final test performed with strain
gauge. As it can be seen from the figure (a), strength is obtained to be 70 MPa while
failure strain is 0.0036. Strain rate was found out to be 2.97x10™ 1/s and a clear
Poisson’s ratio could not be detected due to noisy data gathered from the strain gauge
located on circumferential direction. Average compressive strength of three specimens

was found to be 67.50 MPa.
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Figure 2.13 Stress-strain curves of quasi static tests with 0.45 mm/s cross head
speed
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Figure 2.14. Specimen with strain gauge at with 0.45 mm/s cross head speed

2.3.3 High Strain Rate Tests

High strain rate tests of concrete are performed by SHPB setup which basically
consists of three bar components. These are striker, incident and transmitter bars.
Concrete specimen is sandwiched between incident and transmitter bar and launched
striker bar collides with incident bar. In order to launch striker bar, a gas gun is used by
instant release of compressed gas. Collision speed can be easily controlled by the
change of gas pressure (Figure 2.15). In conventional SHPB setup stress wave inside

the bars is acquired by the strain-gages that are located on the bars. Therefore, incident
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and transmission bars must stay in the linear elastic range during the tests so that surface

strains of these bars are linearly associated with the stress waves inside the bars.

Figure 2.15 SHPB setup

Wave propagating along the bars are assumed not be dispersed, which also
implies the validity of 1D wave theory. Dispersion is the result of 2D effects. Bars are
free to move in the radial direction except restrained nodal regions and therefore bars
accelerate in the radial direction as well. This leads to inertia-induced stress along the
axial direction (Chen and Song, 2011). Dispersion effect can be prevented by selecting
the bars sufficiently long or slender. However, during the tests, waves that propagate
along the bars are still 2D inherently. Nevertheless, waves are considered as 1D while
working with axial quantities through the tests.

Another important assumption is the stress homogeneity over the specimen. In
other words, the stress equilibrium at both faces of the specimen must be established.
Stress wave that propagates along the specimen reflects back and forward until it
reaches a constant (uniform) stress state. However, wave reflection requires enough
time to reach expected uniform stress state. Therefore, it is important to arrange the
duration of incident loading pulse to be satisfactorily equal or longer than the time

required for stress wave reflections over the specimen (Subhash and Ravichandran,
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2000). Specimens with a relatively low failure strain such as concrete might fail before
the stress equilibrium is established under very high strain rates. Consequently,
premature failures may occur and the obtained data from the strain gages may not
represent the actual compressive strength of material.

By using mentioned stress homogeneity assumption over the specimen, stress
occurring at the transmitter bar face of specimen can be calculated by Equation (4). This

is also known as 1-wave analysis.

05(t) = EqAocc(t)/As 4)

In the equations, E,, A, Ay, 05(t) and &.(t) represent elastic modulus of bar,
area of specimen and bar, specimen stress that is occurring at transmitter bar sides, and
transmitted strain pulse, respectively. Specimen strain &¢(t) can be calculated from the

integration of incident, reflected and transmitted wave by time, given by Equation (5).

e(0) = 2 [y (&) — & () — e (0)de (5)

Here, Cy represents the wave speed in the bars and / is the length of the
specimen while g;(t) and &,.(t) denote incident and reflected strain pulses. Finally,
specimen strain rate can be simply obtained by taking the derivative of strain function
with respect to time -dg /dt - .

In this study, a modified SHPB setup was used throughout the high strain rate
tests. Instead of obtaining the specimen stress through strain measurements as given in
Equation (1), quartz crystals were installed to transmitter and incident bar/specimen
interfaces in order to increase the sensitivity of measured forces and to obtain directly
the forces rising at the specimen/bar interfaces. A quartz crystal is basically composed
of two elements: silicon and oxygen, and they respond any mechanical stress by
generating electrical charge due to piezo-electricity phenomenon. Boston Piezo-Optics
X-cut quartz crystals with the thickness of 0.254 = 0.01mm are used in the experiments.
Crystals and the bars have the same diameter and very similar mechanical impedance
(bar impedance: 14.19x10° kg/m?*/sec, quartz crystal: 15.11 x10° kg/m?*/sec with a ratio
of 1.06) which minimizes the disturbance of the 1D stress wave propagation in the bar

component. Quartz crystals are bonded to the transmitter and incident bar ends with
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CircuitWorks CW 2400 conductive epoxy. Afterwards, crystals are covered with a Smm
thick aluminum platen in order to preserve the crystals during the tests. Modified SHPB

setup is illustrated schematically in Figure 2.16

Strain —
Gage Quartz Crystal 77.5cm

o

|}

155cm|Transmitter Bar

20cm Strikgr 200cm Incident Bar

Figure 2.16. Schematical illustration of SHPB setup

The bars are made of 7075 T6 aluminum. Incident, transmitter and striker bars
have 40.02 mm common diameter. Mechanical properties of bar components are

presented in Table 2.5.

Table 2.5 Material Properties of 7075 T6 Aluminum bars

Elastic Modulus Density Poisson’s ratio
(GPa) (kg/m3)
71.7 2810 0.3

In high strain rate tests, three concrete specimens were tested which had
identical geometric dimensions that of static tests with 1.14 L/D ratio. Voltage signal
gathered from strain gauges during the SHPB Test 1 is presented in Figure 2.17. In the
figure, solid line represents incident and reflected signals obtained from incident bar
while dashed line represents the signals gathered from the gauge located on the
transmitter bar. After the tests, voltage history was converted to equivalent strain history

of bars by Equation (6).
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e(t) = 2V (t)/VexcGF Kgain (1+v) (6)

In the equation, V(t),Vexc, GF, Kyqin and v represent obtained voltage signals
from strain gauges, excitation voltage, gain factor of strain gauges, conditioner constant

and Poisson’s ratio of aluminum bars, respectively.
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Figure 2.17. Voltage history of SHPB Test 1

As it can be seen from the figure above, the compressive wave in the transmitter
bar raised after plenty of time (300 us) from the first signal recorded at incident bar
strain gauge, and stress on the specimen was determined from this wave by using
Equation (4). Figure 2.18 illustrates the calculated stress of specimens both from strain
gauge and quartz crystal against strain, and the specimens strain rate-strain was

presented in Figure 2.19.
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Figure 2.18. Stress-strain relation of SHPB Test 1, 2 and 3
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Figure 2.19. Strain rate-strain relation of SHPB Test 1,2 and 3

(cont. on next page)
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Peak stresses and corresponding strains are given in Table 2.6. In general, peak

stresses of the tests did not significantly dispersed from each other.

Table 2.6. Peak stresses and failure strains of the tests

Test #1 #2 #3
Stress (MPa), Gauge/Quartz Crystal | 111/106 109/107 122/114
Failure Strain 0.0053  0.0055 0.0040

Calculated stress-strain relation was compared by the stress-strain curve of
piezoelectric quartz crystal to check the accuracy and to validate the work. As can be
seen from the Figure 2.18, in Test 1 peak load between two types of data processing
differed 3.70%. From the Figure 2.19, it can be observed that the strain rate of the
specimens is not constant over the whole testing duration. Therefore, representative
strain rates were selected to be the strain rate at failure of specimen which were

obtained as 235, 260 and 245 1/s for three of the specimens.

2.3.4 Model Parameters

The study to be performed in order to determine the parameters of the material
model was primarily started with determination of the physical properties of the
concrete. First, concrete density was calculated using a cylinder specimen by dividing

the mass by volume and it was determined as 2183 kg/m’.
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Average compressive strength of concrete was calculated previously as 62 MPa
at the lowest cross head speed 0.0045 mm/s (Figure 2.20 (a)). ACI 318-08 standard was
followed to calculate the elastic modulus of concrete by the slope of the line drawn from
zero to 45% of compressive strength, which yielded to an average elastic modulus of 32
GPa (Figure 2.20-b) for three specimens equipped by strain gauges. The shear modulus
(G) was calculated by E/2(1 + v) formulation and resulted with 13.32 GPa.
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Figure 2.20. Mechanical properties of test specimens

Strength constants of HJC model were determined next. As the first step,
detection of strain rate sensitivity parameter (C) will be explained. To determine strain
rate sensitivity parameter static test results of concrete specimens were used. In the HIC
material model, the effect of strain rate to the normalized compression strength is
defined by 1 + CIn(&/£..r) function. Reference strain rate (€.¢f) was selected to be the
lowest strain rate (3.55x10”) in the function. Figure 2.21 (a) presents compressive
strengths obtained from static tests under slow (static) strain rates normalized with
respect to average strength obtained at reference strain rate. Figure 2.21 (b) presents the
same data but including results obtained from high (dynamic) strain rate tests. Change
in strength by various strain rates define the strain rate sensitivity parameter, therefore, a
straight line was drawn from least squares fit through the data points and the slope
provided the strain rate sensitivity parameter as 0.0205 and 0.0472 for Cguge and
Clynamic, respectively. The reason of strength enhancement at high strain rate is not only

based on strain rate sensitivity but also increased pressure effects (Holmquist et al,
31



1993). This is specifically true at higher strain rates in which stress state turns into tri-
axial case. To estimate the pure strain rate effect aforementioned pressure effects must
be eliminated, therefore, in the analyses Cguaiic Was selected and used. A preliminary
numerical analysis was undertaken with the detected constants to check the validity of

the assumption, and given in the next section.
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Figure 2.21. Normalized concrete strength change versus strain rate

Strength constant A, which is also known as normalized cohesive strength of
concrete at a reference strain rate, is identified as the difference between undamaged
(D=0) material strength and completely fractured (D=1) material strength at a known
pressure value, and taken from the literature (Holmquist et al, 1993) as 0.79 since
confined tests were not conducted in the current study. In order to calculate normalized
cohesive strength, the only available confined compression (triaxial) test, which was
performed by Ehrgott (1989) and summarized by Hanchak et al (1992), in the literature
was used (Figure 2.22) by Holmquist et al. (1993). In the figure, vertical axis represents
shear strength (7) defined by maximum stress difference as t = (0,) — (0,) where
(0,) is axial and (o,) radial stress and horizontal axis represents hydrostatic pressure
as (o, + 20,)/3. In the study of Holmquist et al. (1993), it is stated that even though
the test data provides a general description of concrete behavior in various pressure
ranges, there is not much data available at lower pressures such as P*<4 in which
cohesive strength of concrete material is the most apparent. Due to lack of test data in

the interest zone, the cohesive strength is assumed to be 75% of normalized equivalent
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stress for quasi static conditions (¢ = 0.001) and normalizing to reference strain rate 1

results in A=0.79.
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Figure 2.22. Shear strength-pressure relation (Hanchak et al, 1992)

Afterwards, normalized maximum strength (S,,,) was determined. In Figure
2.22, shear strength-pressure relation of concrete material with 48 and 140 MPa uniaxial
compressive strengths are presented and curves are observed to be almost parallel to
each other. Therefore, in the current study, Sp.x was determined by interpolation of
shear strengths for 62 MPa average strength of concrete. For this purpose first, a point
was determined on each curve considering that the zone where there is no stress
increase by increasing pressure. Afterwards, using corresponding shear strengths of two
detected points and the difference of material strengths at these points (470, 48 and 62
MPa) interpolation could be performed. Finally, the detected specific shear stress for the
material was normalized by uniaxial compressive strength and S.x calculated to be
5.70.

Constants B and N identify the fractured material strength at normalized strain
rate with respect to previously mentioned reference strain rate. Parameters are
determined by curve fit to obtain the lower borderline of the normalized equivalent
stress versus normalized pressure data (Figure 2.1). Constant N is taken as 0.61 as found
from the literature (Holmquist et al, 1993) and B is obtained through numerical analysis
trials as 0.90 which was well suited with the transmitter bar stress of the SHPB test

result.
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Next, constants of volume-pressure interaction model are determined. Elastic
bulk modulus (K.usic) in the linear elastic region (P< P..s,) was obtained by using
elasticity theory with the K,j45tic = E/3(1 — 2v) formulation and calculated as 17.77
MPa. Crushing pressure P, was calculated by f. /3 expression given in Holmquist et
al. (1993) and found out to be 21 MPa. Thus, crushing volumetric strain pi,ys, could
be determined by Pgrysn/Keiastic formulation and found out to be 0.001. Locking
volumetric strain po¢x is calculated from pgrqin/po — 1 expression where pgrqin is the
aggregate density and p, is the initial concrete density. p;,.r Was determined to be
0.173 using experimentally found pg,qin (2560 kg/m3) and p, (2183 kg/m3). Piock 1s the
locking pressure where all the air voids are extracted from concrete due to compaction
and taken from the literature (Holmquist et al, 1993) as 800 MPa since it provided a best
fit to the data shown in Figure 2.3. K;, K, and K3 are the constants at fully compact
region which was also taken from literature as 85000, -171000 and 208000 MPa
respectively (Holmquist et al, 1993) for granite and quartz (Marsh, 1980).

T parameter is the normalized maximum tensile hydrostatic pressure and given
by T/f. relationship where T is the ultimate principle tensile stress that the material can
resist. In order to find tensile strength of concrete, three split tensile tests were
performed by specimens having 24 mm length and 39.5 mm diameter (Figure 2.23). For
this purpose ASTM C496 (2011) code was followed and average strength was found to
be 6.3 MPa.

—&— Specimen 1
——Specimen 2
6 | —e—Specimen 3 |+

Tensile Stress (MPa)

A S
0 50 100 150 200 250 300 350 400

Time (s)

(a) Tensile stress history (b) Crack profile

Figure 2.23. Split tensile tests
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D, and D, are the damage model constants which were taken from literature due

to insufficient data(Holmquist et al, 1993). All constants used for material

characterization are presented in Table 1.

Table 2.7. Summary of Constants

Strength Constants Value
A 0.7900
B 0.9
N 0.6100
C 0.0205
f 0.0620 (GPa)
Smax 5.7000
G 13.3200 (GPa)
Damage Constants Value
D, 0.04
D, 1
EFmin (€, ) 0.01
Pressure Constants Value
Perush 0.0210 (GPa)
[ 0.001
K1 85 (GPa)
K2 -171  (GPa)
K3 208  (GPa)
Plock 0.80 (GPa)
Hiock 0.173
T 0.0063 (GPa)

2.4 A SHPB Numerical Simulation

Numerical modeling studies were performed by using LS-DYNA (v971,
Livermore Software Technology Corporation) software to perform a verification work
of obtained parameters. LS-DYNA is capable of performing nonlinear finite element
analysis by use of explicit time integration method. SHPB test setup was created to have

six main parts (striker, incident, and transmitter bars; two protective aluminum disks
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and specimen) in the numerical model using 317,950 eight node hexahedral solid
elements with one integration point (Figure 2.24).

In solid elements, stresses and strains are calculated at the integration point.
Using one integration point does not yield any strain even though a deformation occurs
in the solid element, which results to zero energy modes (hourglass modes). Thus,
hourglass control (Flangan-Belytschko type) was utilized to prevent the aforementioned

modes.

Figure 2.24. Numerical model of SHPB test setup

Surface to Surface and Nodes to Surface contact interfaces were created between
the surface of the bars (striker-incident) and specimen-bar surfaces, respectively, to
provide more accurate prediction of finite element analysis. Static and dynamic friction
coefficients used in the contact definition are 0.3 and 0.2 for bar to bar and 0.1 and 0.05
for bar to specimen surfaces. A parametric study about the effect of bar to specimen
surface friction was also performed.

MAT JOHNSON HOLMQUIST CONCRETE material model, (Holmquist et
al, 1993), which was explained in detail previously, was assigned to the sample in the
numerical model and the initial velocity of striker bar at the experiment was given to the
striker bar to collide with the incident bar. A compression wave propagated in the
incident bar similar to the experimental program. Required data such as force were
gathered from the strain gauge locations on the incident and transmitter bars in the
models and detected results are compared to the experimental results.

In the current study, numerical analyses were initiated with a preliminary study
to investigate the friction restraint between the specimen and bars. Throughout the tests
bar-specimen faces were lubricated properly. Although, the friction effect could not be
neglected totally for a brittle material like concrete which has a coarse surface,
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practically polishing and lubrication makes frictional effects insignificant and reduces
the coefficient to 0.1 or less (Li and Meng, 2003). Figure 2.25 presents transmitter bar
stress histories of real test case and numerical analyses with static and dynamic friction
coefficients varying from 0.05 to 0.4. From the figure it can be seen that coefficient of
friction have an insignificant effect up to peak stress, and only a minor effect at post-
peak for a specimen with L/D ratio of 1.14. A similar conclusion was also drawn by
Hao et al. (2013) for specimens having L/D ratio greater than or equal to one when
friction coefficients vary from 0.3 to 0.5. As a result, selection of dynamic and static
friction coefficients were made with considering the existence of proper lubrication.
Thus, static friction coefficient was selected to be 0.1 and since moving a still object
requires a higher force than that of an object in motion, dynamic coefficient of friction

was taken to be half of static (0.05).
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Figure 2.25. Transmitter bar stress history with various friction coefficients

Although a clear strength increase is reported by the majority of researchers for
concrete under high strain rate conditions, there is a debate about the reason of this
behavior. In the literature, some various approaches are offered as: influence of inertia

at (1) micro crack and (2) structural levels and (3) viscous behavior of bulk material due

to water content.
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Concrete is a porous material with micro cracks inherently. Its behavior during
the static uniaxial loading is affected by propagation of micro cracks internally which
are due tensile stresses and primarily orientated in the axial direction. In a rapid loading
case, time required for micro crack development or propagation is significantly reduced
due to inertial effects. Therefore, strain rate dependent behavior of micro cracking can
influence the response when concrete is subjected to high strain rates during an impact
or blast loading. Additionally, structural inertial forces are as the source of another type
of inertia. Material turns into a discontinuous structure with severe internal cracking that
result in dilatation when loaded to failure. The static strength might be quickly exceeded
since the specimen does not have enough time to unload in the lateral direction and
hence producing an effective confining stress on the central core of the specimen. This
event can be explained by also transition from a uniaxial stress state to a uniaxial strain
state. (Bischoff and Perry, 1991; Ozbolt and Sharma, 2012). Finally, existence of
viscous behavior of bulk material (viscosity owing to water content) results in a strain
rate dependent behavior (Ozbolt and Sharma, 2012). In the current study strain rate
sensitivity and inertial effects were tried to be observed by analyzing the effect of C
parameter. For this purpose, stress developing on the specimen was determined using
three different C values in the material model: C is equal to zero, Cgic and Caynamic-

Results are presented with quasi-static test results in Figure 2.26.
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Figure 2.26. Effect of strain rate sensitivity parameter
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Note that C taken as zero can be interpreted as numerical model neglects the
strain rate sensitivity of concrete. As seen in Figure 2.26, analysis done with C=0 results
higher stresses compared to quasi-static stresses. This increase in stress can be attributed
to the stress increase in concrete due to confinement effects resulting from lateral
inertia, since no other strain rate sensitive parameter is involved in the model.
Difference between the stress-strain curve obtained from an analysis with C=0 and
quasi-static test result is illustrated in Figure 2.27 as inertia effect.

However, as seen in Figure 2.26, analysis with C=0 gives lower stresses
compared to test results, which shows that lateral confinement is not the only factor that
causes a stress increase. The difference between the test result and the analysis result
with C=0 can be attributes to the strain rate sensitivity of concrete, which is given in
Figure 2.27 as strain rate sensitivity effect. Thus, total increase in stress at a given strain
at high strain rates can be taken as the sum of radial inertia effects and strain rate

dependent material behavior effects, which is also shown in Figure 2.27.
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Figure 2.27. Effect of inertia and strain rate sensitivity

Relative contribution of lateral inertia confinement and strain rate sensitivity of
material to the stress increase is presented in Figure 2.28. It is clear from the figure that
at the onset of loading lateral inertia is highly responsible from the observed stress

increase while strain rate sensitivity of the material has lower effect. However, lateral
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inertia confinement drops as the specimen is strained further, while material strain rate

sensitivity becomes more effective.
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Figure 2.28. Inertial and strain rate effects

In Figure 2.26, it is seen that analysis with C=Cgynamic Overestimated the stresses
significantly, since this parameter was found from high strain rate test results which
includes stress increase due to both confinement resulting from radial inertia and strain
rate sensitive behavior of concrete. In other words, using C=Cgynamic takes confinement
effects into account twice, resulting an over estimates stress-strain response. Using
C=Csuiic gave best match with test results, since this parameter was derived from quasi-
static tests, in which lateral inertia effects was insignificant. Thus, analyses with
C=Csuiic reflects true strain rate sensitive behavior of concrete and all following
analyses were conducted using this value.

Experimental numerical results are presented in Figure 2.29 to validate the
simulation and to verify the determined material model parameters. As it can be seen
from the figure, stress-strain curves of Test and Simulation 1 overlaps with each other
after 0.002 strain. The curves obtained from Test were detected by use of signals
gathered from strain gauges in Equation 4, and it is observed that the curves obtained
from incident piezoelectric quartz crystal exhibits a variation from the test and
simulation in all strain ranges. Peak stress found in numerical analysis was calculated to

be 7.5% higher than that of measured by quartz crystal.
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In Test and Simulation 2, a discrepancy between stress-strain curves continues
up to 0.002 strain, after which they converge to each other. Stress-strain curve obtained
from incident piezoelectric quartz crystal slightly differs from the test and numerical
analysis except in a strain range that is higher than 0.0055.

Stress-strain curve obtained from Test 3 and its incident piezoelectric quartz
crystal exhibit a good agreement with each other until a strain of 0.0015, after which

they start to diverge. There is a discrepancy between Analysis 3 results and test results.
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Figure 2.29. Stress-strain comparison of experimental work and corresponding
numerical analysis

As previously mentioned, in classical SHPB setup stress waves are recorded

from strain gauges located at certain points on the transmitter and incident bars.

Relatively larger diameter bars were used in concrete these tests, which causes

dispersion in the propagating stress/force waves occurring at the specimen/bar

interfaces affecting the measurements obtained from strain gauges. Piezoelectric quartz
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crystals inserted at the sample-bar interface led the recording of stresses with minimum
amount of dispersion. Therefore, quartz crystals increased the sensitivity of measured
forces. Proximity of obtained stresses from strain gauges to piezo stresses proved the

validity of classical data gathering method as well.
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CHAPTER 33

DROP TOWER TESTS

3.1 Introduction

Drop tower tests of six prismatic concrete specimens had been performed to
form a basis for the numerical analyses that were developed to check the accuracy of
detected material model parameters under various loading implementations, specimen
geometry and boundary conditions. Discussion starts with test setup, specimen
dimensions and continues by presentation of obtained force, energy and velocity
histories of each test. Afterwards, a boundary condition based comparison of test
histories are performed and presented with a discussion. Chapter is closed by damage

evaluation of specimens.
3.2 Drop Tower Test Setup
Concrete specimens, which were taken from previously poured concrete batch,

used in these tests were cast into steel molds as shown in Figure 3.1 (a), obtaining

prisms of 200 mm x 200 mm x 20 mm in dimension (Figure 3.1-b).

(a) Prismatic steel mold (b) Concrete specimen

Figure 3.1. Drop tower test specimen
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A protective box, which is designed to prevent possible damage to the high
speed camera and test equipment, is designed and manufactured (Figure 3.2-a). To
investigate the behavior of concrete specimens under different boundary conditions,
specimen holder that is located inside the protective box was drilled to have a hole with
100 mm diameter (Figure 3.2- b). Three different plugs were produced to obtain 80 mm
and 60 mm diameter holes and an unperforated flat surface. Drop tower tests were

performed at different loading velocities and boundary conditions by using CEAST

Fractovis Plus drop tower testing device (Figure 3.3).

(a) Protective box

Figure 3.2. Drop tower test setup

FRACTOVIS PLUS

Figure 3.3. Drop tower testing device
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Testing device can perform tests up to 20 m/s impact velocities through the
springs located in high speed module. A striker equipped with strain gauges capturing
the impact load up to 90 kN is used. The striker had a hemispherical insert at the tip
with a 10 mm radius (Figure 3.4), and to obtain the desired load on the specimen, it had
additional masses totaling 15.68 kg. Tests were conducted by the following procedure:
Inserting the appropriate plug to the specimen holder which resulted in desired hole
diameter as boundary condition, fitting the specimen on top of the holder without any

restrictions, and adjusting it to receive the strike at the center point.

Figure 3.4. Hemispherical insert

3.3 Test Results and Discussion

The drop tower tests were started with Test 1 which had unperforated flat
surface boundary condition and target impact velocity of 1 m/s. Variation of impact
force with time is presented in Figure 3.5. As can be seen from the graph, impact force
increases nearly linearly in the time interval of 0-2 milliseconds and starts to decrease
after reaching the peak force of 9 kN. The test was completed in around 4 milliseconds.
The dissipated energy variation with time, which was calculated by the area under
force-tip displacement curve, is given in Figure 3.6. Dissipated energy in 0-2
milliseconds reached to 7.6 Joule with a rapid rising curve depending on the tip
displacement, and the maximum energy dissipated was 8.9 Joule. Figure 3.7 shows the
velocity versus time. Here, the actual velocity of the striker tip at the moment of impact
is determined to be 1.05 m/s, afterwards the velocity decreased throughout the test and

test ended with a negative velocity due to rebound of striker tip.
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In Test 2, target impact velocity was selected to be 3 m/s and the boundary
condition was identical to the first test (unperforated flat surface). Variation of impact
force with time is presented in Figure 3.5. From the figure, it can be seen that the force
increases nearly linearly similar to the first test up to a maximum value of 19.5 kN at
0.4 millisecond and afterwards starts to decrease by time. The test lasted shorter than
the previous test and ended in 2 milliseconds. The dissipated energy variation with time
is presented in Figure 3.6. The dissipated energy between 0 to 0.4 milliseconds reached
to 12.3 Joule, and when the test ended at 2 milliseconds, total dissipated energy reached
to 36 Joules. Figure 3.7 shows the velocity versus time. Here, the actual velocity of the
striker tip at the moment of impact is determined to be 3.17 m / s and decreased rapidly
by time. However, velocity at the end of the test decreased down to vicinity of 2.4 m/s

and striker kept moving downwards after penetrating through concrete plate.
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Figure 3.5. Force history of Test 1 and Test 2
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Figure 3.6. Energy history of Test 1 and Test 2
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Figure 3.7. Velocity history of Test 1 and Test 2

In Test 3, boundary condition at the specimen holder was changed to a hole at
the bottom surface with a 60 mm diameter. Similar to the previous test set, the impact
velocity of the striker tip was arranged to be 1 m/s. As can be seen from the Figure 3.8,
the maximum force was determined to be 11 kN, which was reached approximately in 1
millisecond. In Figure 3.9, energy versus time graph is presented and 5.80 Joule energy
dissipated at the moment when the force reached to its maximum value. Throughout the
test, 8.60 Joule energy is dissipated in total. In Figure 3.10, velocity history is presented.
Actual velocity of the striker tip at the impact moment is determined to be 1.07 m/s
which decreased afterwards.

In Test 4, the boundary condition was identical to previous test (a hole at the
bottom surface with 60 mm diameter). However, impact velocity was targeted at 3 m/s
in this test. An increase in force and energy was observed as expected with increased
striker velocity. In Figure 3.8, variation of impact force with time is presented. The
maximum force was obtained as 15.80 kN after 0.3 milliseconds of first contact
between striker and concrete specimen. Dissipated energy corresponding to the moment
of maximum force was determined to be 8.40 Joule from the dissipated energy- time
curve (Figure 3.9). Total dissipated energy was obtained as 26.15 Joule at the end of the
test. Actual velocity of the striker tip at the moment of impact is determined to be 3.17
m/s and decreased rapidly by time (Figure 3.10). However, velocity at the end of the
test decreased down to vicinity of 2.5 m/s and striker kept moving downwards after

penetrating through concrete plate.
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In Test 5, a third and final boundary condition was applied at the bottom surface

with a hole of 100 mm diameter. Impact velocity of the striker tip was arranged to be 1
m/s for initial test. The force-time graph of fifth test is presented in Figure 3.11.
Maximum force reached to 5.7 kN (in 0.8 milliseconds) in the test. Dissipated energy-
time graph is shown in Figure 3.12 and the dissipated energy at the moment that the
maximum force was reached observed to be 2.3 Joule. A total of 5.40 Joule energy was
dissipated throughout the test. In addition, the actual velocity of the striker tip at the
moment of impact can be determined to be 1.05 m/s, Figure 3.13. However, velocity at

the end of the test decreased down to vicinity of 0.67 m/s and striker kept moving

downwards after penetrating through concrete plate.
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Figure 3.11. Force history of Test 5 and Test 6
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Figure 3.13. Velocity history of Test 5 and Test 6

Test 6 was carried out at a striker velocity of 3 m/s and bottom surface with 100
mm hole of diameter similar to the previous test. The maximum value of force was
determined to be 7.8 kN during the test and accessed in 0.25 milliseconds, Figure 3.11.
The energy dissipated at maximum force value is measured as 3 Joule, Figure 3.12.
Maximum energy dissipation throughout the test is 10.1 Joule. It is seen from the Figure
3.13 that the actual velocity of the striker is 3.17 m/s at the moment of impact.
However, velocity at the end of the test decreased down to vicinity of 2.97 m/s and
striker kept moving downwards after penetrating through concrete plate.

Figure 3.14 (a,b and c) compares the tests of 3 m/s impact velocity with three
different boundary conditions. Comparison is based on force, displacement, energy and
velocity histories. From Figure 3.14-a it can be observed that as the diameter of surface
hole increases, the highest force reached in the tests decrease. For example, Test 2
exhibit 1.23 times higher peak force than Test 4 and 2.5 times higher than that of Test 6.
In this set of tests, striker broke through the specimens and kept on moving downwards.
Therefore, tip displacement increased linearly by time. Similar trend of force-hole
relation is also observed over energy history of tests such that Test 2 consumed 1.37 and
3.56 times higher energy throughout Test 4 and 6, respectively. Finally, the time-
dependent decrease in velocity was changed inversely proportional to the hole diameter.
A summary of drop tower test results are presented in Table 3.1.

Figure 3.15 (a,b and c) presents the comparison of the force, displacement,
energy and velocity history of the tests with three different boundary conditions for the

impact velocity of 1 m/s test. When the force histories of tests are investigated, peak
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force of Test 1 (with unperforated flat surface boundary condition) is below the highest
force reached in Test 3 (with a 60 mm hole at the surface). The lowest peak force is
obtained with the third boundary condition of surface as expected. Main reason of this
phenomenon is that the rigidity of specimens increases with unperforated surface. Tip
displacements in this set of tests exhibit a nonlinear behavior due to rebound of striker.
For example, in Test 1 tip displacement starts to decrease after 3 ms. The highest
energy level is observed in the first test and the lowest energy level in the fifth test.
When the velocity history is investigated, it was found that, except for the first test, the

time-dependent decrease in velocity was changed inversely proportional to the hole

diameter.
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Table 3.1. Summary of drop tower test results

Surface Hole  Striker Velocity ~ Peak Force  Total Energy

(mm) (m/s) (kN) “)
Test 1 0 1.05 9 8.90
Test 2 0 3.17 19.50 36
Test 3 60 1.07 11 8.60
Test 4 60 3.17 15.80 26.15
Test 5 100 1.05 5.70 5.40
Test 6 100 3.17 7.80 10.1

4
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CHAPTER 4

NUMERICAL MODELING OF DROP TOWER TESTS

4.1 Introduction

Simulations of drop tower tests were performed by LS-DYNA (v971, Livermore
Software Technology Corporation) software. Force and damage histories of the tests
and numerical analysis are compared to check the accuracy of mechanical

characterization and behavior of material under lower strain rates compared to SHPB.

4.2 Numerical Simulation Description of Drop Tower Tests

Drop test model basically consisted of three parts: striker tip, specimen and the
holder. A full-scale model was created for all three components and discretized in space
by using a total of 415,328 eight node hexahedron solid elements (Figure 4.1). Prismatic
elements used to model concrete specimens were cube in shape with a side length of
1.25 mm. Support of specimen holder was not modeled explicitly. Instead, rotational
and translational restraints were assigned to X, Y and Z directions for the nodes that are
located on the bottom face of specimen holder since the support component of holder
was sufficiently rigid. Striker was represented by tip only and therefore a total mass of
15.68 kg assigned to the striker part. Mass was distributed to each element of striker tip
proportional to their volumes. Eroding Single Surface type contact algorithm was
selected and defined for the three parts that are in contact with each other. Static and
dynamic coefficient of friction was taken to be 0.3 and 0.2, respectively. This type of
contact enables the surface to be updated as the elements on free surface are deleted due
to material failure. Force Transducer Penalty type contact algorithm, which has no
effect to the solution except recording the contact forces created by previously
introduced contact algorithm, was also defined and assigned to striker part. Holmquist-
Johnson-Cook material model was selected for concrete specimen similar to the SHPB
simulations and previously found parameters were used in the model. Elastic and rigid

material models were defined for striker and specimen holder, respectively, and 192000
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MPa elastic modulus, 7820 kg/m® density and 0.30 Poisson’s ratio where assigned for
both. Loading is introduced in the model by assigning the impact velocity of the striker
as initial velocity with a time step of 50 microseconds. Termination time span of each

numerical analysis was selected to be identical to that of testing time.

<— Striker Tip

Specimen

Specimen
Holder

Figure 4.1. Numerical model of Drop Tower test setup

4.3 Comparison of Experimental and Numerical Results

The force- time, displacement-time and energy-time curves obtained from the
numerical analyses and the tests are compared in Figure 4.2 and Figure 4.3 for Test 1
and 2, respectively. Peak forces were obtained as 9 kN and 9.15 kN for Test and
Analysis 1 at about 2 ms. Test ended by force reaching to zero at 3.80 ms while the
force measured to be 1.40 kN in this time interval for the analysis case. Increase and
decrease trends of forces obtained from the Test and Analysis 1 displayed similar
behavior to each other. On the other hand, both displacements exhibit nonlinear
behavior. However, rebound of striker was observed in the test unlike the numerical
analysis. If the dissipated energies are investigated, both curves had an almost parallel
path until 2 ms, which is the time peak force was reached, from the beginning (Figure
4.3). At this moment of time 22% higher energy was dissipated by test, and afterwards,
the separation between the curves decreased till the end of testing duration.

In Test 2, impact speed increased by three times and boundary conditions kept
identical with previous test. The peak force reached in the test and numerical analysis

was found out as 19.6 and 18.3 kN, which corresponds to 7% difference, with 0.15 ms
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time lag (Figure 4.2). Test ended by force reaching to zero at 2 ms while the force
measured to be 2.5 kN in this time interval for the analysis. Increase trend of forces
fitted well with each other for both of the cases. However, separation of post peak
behavior became more pronounced in the time range of 1 ms to 2 ms. Additionally,
displacements of both cases increased almost linear by time in overlapping form. If the
dissipated energies are investigated, both curves had a parallel path till the region where
forces first time started to separate each other (0.8 ms). At this point, Test 2 dissipated
25% higher energy than that of Analysis 2.
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Figure 4.2. Experimental and numerical force history comparison of Test 1 and 2
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Figure 4.3. Experimental and numerical energy history comparison of Test 1 and
2

55



Next, boundary condition at specimen holder was changed to a hole at the
bottom surface with 60 mm diameter in the following two tests. The force- time,
displacement-time and energy-time curves obtained from the numerical analyses and
the tests are presented comparatively in

Figure 4.4 and Figure 4.5 for Test 3 and 4, respectively. Test 3, which had an
impact speed of 1m/s, reached to 11 kN maximum force while in the numerical analysis
it is observed to be 10 kN in 1 ms. Test ended by force reaching to zero at 2.5 ms while
the force measured to be 2 kN in this time interval for the analysis case. Sharp increase
trend of forces, which is obtained from the Test and Analysis 3, performed similar
behavior with each other. However, numerical analysis exhibited a fluctuating trend at
post peak region. On the other hand, displacement of both cases exhibited nonlinear
behavior, specifically after 0.5 ms. When the dissipated energies are investigated, both
curves followed a parallel path which is in close proximity with each other until 2 ms
(Figure 4.5). At this point, Test 3 dissipated 17% higher energy than that of Analysis 3
and the gap between the curves nearly closed at the end of testing time span.

Test and Analysis 4 investigation followed. In the test, impact speed increased
by three times and boundary condition kept identical with previous test. The peak force
reached in the test and numerical analysis was detected as 15.70 and 15.10 kN,
respectively, which is a good approximation for concrete. Peak forces were reached at
0.3 and 0.4 ms in the test and in the analysis, respectively, with a 0.1 ms time lag
(Figure 4.4). Test ended by force reaching to zero at 2 ms while the force measured to
be zero in this time interval for the analysis case as well. Increase and decrease trends of
forces obtained from the Test and Analysis 4 performed similar behavior with each
other. On the other hand, displacements of both cases increased almost linear by time in
overlapping form. Similar to the previous tests and analyses, energy curves performed a
parallel path with a certain amount of energy difference between the curves (20%) until
0.8 ms (Figure 4.5). After this moment of time, separation in energy started to increase,

and ended by Test 4 having 36% higher energy dissipation than that of Analysis 4.
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Figure 4.4. Experimental and numerical force history comparison of Test 3 and 4
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Figure 4.5. Experimental and numerical energy history comparison of Test 3 and
4

The boundary condition at the specimen holder was changed to a hole at the
bottom surface with 100 mm diameter in the following final two tests. Force- time,
displacement-time and energy-time curves obtained from the numerical analyses and
the tests are presented comparatively in Figure 4.6 and Figure 4.7 for Test 5 and 6,
respectively. Test 5, which had an impact speed of 1 m/s, reached to 5.80 kN maximum
force while in the numerical analysis maximum force was found to be 5.2 kN. Time to
reach peak was 0.85 ms in test and 0.93 ms in the analysis. Test and analysis ended by
force reaching to zero at 2.2 and 2.5 ms, respectively. Sharp increase trend of forces
obtained from Test and Analysis 4 performed a good fit. Similar to previous tests and
analyses, energy curves performed a parallel path with a certain amount of energy

difference between the curves (approximately 18%) till 1.5 ms (Figure 4.7) which is the
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starting moment of force history post-peak curve separation. After this moment of time,
separation in energy started to decrease.

Test 6 and simulation investigation followed. In the test, impact speed increased
by three times and boundary condition kept identical with previous test. The peak force
reached in the test and numerical analysis was 8.15 kN and 7.80 kN, respectively, which
is a good approximation for concrete material. Time to reach peak force was 0.27 ms
and 0.25 ms for the test and analysis, respectively (Figure 4.6). Test and numerical
analysis ended by force reaching to zero at 1 ms. Specifically, increasing trends of
forces until the peak load fits quite well with each other, and at 0.40 ms of post-peak
region, separation between the curves became clearer. On the other hand, displacements
of both cases increased almost linear by time in overlapping form. In Test and Analysis
6, energy histories overlapped with each other until 0.4 ms due to close approximation
of force and displacement histories (Figure 4.7). After this moment of time, separation
in energy started owing to the separation of force history, and ended by Test 6 having

31% higher energy dissipation than that of Analysis 6.
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Figure 4.6. Experimental and numerical force history comparison of Test 5 and 6
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4.4 Investigation of Specimen Crack Profiles and Strain Rate

Variations

Final state of damage on the prismatic specimen for both front and rear faces of
Test 1 is compared with LS-DYNA estimation, and illustrated in Figure 4.8 and Figure
4.9, respectively. Front face stands for the impact surface while rear face is the surface
facing the specimen holder for the following discussions. Though no macroscopic
damage was observed on the front and rear faces of experimental specimen, FE model
predicted specimen to be divided into four main symmetrical pieces. Additionally, on
the front face of specimen LS-DYNA predicted a local scabbing damage, which
surrounds crushed concrete located at impact zone (Figure 4.8 (b)). High speed camera
record of the specimen is also presented in Figure 4.10 to observe the crack initiation
and development. No cracks were observed at the side surface facing the camera.

Final state of damage on the prismatic specimen for both front and rear faces of
Test 2 is compared with LS-DYNA estimation, and illustrated in Figure 4.11 and Figure
4.12, respectively. Increasing the impact speed three times resulted in specimen damage
with three-part structure, and also material crushing at the impact zone with
pulverization (Figure 4.11 (a)). Similar observations could be made for LS-DYNA
prediction both for the existence of material crushing at the impact zone and having a
four-part structure (Figure 4.11 (b)). High speed camera record of the specimen
throughout the test is presented in Figure 4.13. Unlike the previous specimen, a crack is

observed at 0.5 milliseconds on the side surface of the specimen, which corresponds to
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the time of peak force obtained from the striker tip. Width of this crack has increased by
time.

Changing the boundary condition to a hole at the bottom surface with 60 mm
diameter caused damage profile of the specimen shift into a five-part structure in Test 3
(Figure 4.14 (a)). However, LS-DYNA predicted a damage profile with four-part
structure including a truncated circular crack which was locally formed at the impact
zone of front face (Figure 4.14 (b)). On the other hand, as it can be seen from Figure
4.15 (b), truncated circular crack on the rear face of specimen was observed more
severely than that of front face which is eventually proportional to the diameter of
boundary condition. High speed camera record of the specimen throughout the test is
presented in Figure 4.16. From the figure, permanent deformation on the specimen
became clearly visible as tension crack on the side surface at 1.5 milliseconds, which
exceeds time interval of peak load 0.5 ms.

Increasing the impact speed by three times in Test 4 did not significantly affect
the crack pattern except for presence of crushing and pulverization of the material on
the front face and spalling of material on the rear face, as seen in Figure 4.17(a) and
Figure 4.18 (a). On the other hand, aside from four-part symmetric structure of damage,
for the first time radial cracks were observed in LS-DYNA damage predictions that are
occurring both on the front and rear faces, as seen in Figure 4.17(b) and Figure 4.18 (b).
High speed camera record of the specimen throughout the test is also presented in
Figure 4.19 to observe the crack initiation and development. From the figure, tension
crack becomes visible on the side surface of the specimen at 0.3 milliseconds. This is
also the time when the force obtained from the striker tip is the highest. Afterwards,
damage rapidly propagates with the advance of time from 0.3 milliseconds to 0.9
milliseconds.

For Tests 5 and 6, boundary condition was changed to a hole at the bottom
surface with 100 mm diameter. Although in front and rear damage states of the
specimen a four-part structure was observed in test, LS-DYNA predicted a symmetrical
form (Figure 4.20 and Figure 4.21). High speed camera record of the specimen
throughout the test is also presented in Figure 4.22 to observe the crack initiation and
development. From the figure, the first hairline thick tension crack on the side face is

observed around 0.8 milliseconds. This is also the time when the force obtained from

60



the striker tip is the highest. The crack is observed to be more pronounced at the end of
the test.

Increasing the speed by three times resulted in multiple pieces of cracks on the
front and rear face of specimen after Test 6. Additionally, a circular damage was also
observed at the central part of specimen in proportion to the hole diameter of support
condition (Figure 4.23-a and Figure 4.24-a). On the other hand, LS-DYNA predicted a
damage profile mainly divided into four symmetric sections with partially radial cracks
in both of the faces. Similar to the damage observed from the test, a circular crack was
detected (Figure 4.23-b and Figure 4.24-b). High speed camera record of the specimen
throughout the test is presented in Figure 4.25. From the figure, the first hairline thick
crack formation is observed on the side face at around 0.3 milliseconds which slightly
exceeds the time interval of force obtained from the striker tip is the highest. The crack

width and depth has increased noticeably at the end of the test.
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©0 mm — 1 m/s (Test 1)

(a) Experimental (b) Numerical model

Figure 4.8. Test 1 final damage state on front (impact) face of specimen

(a) Experimental (b) Numerical model

Figure 4.9. Test 1 final damage state on rear face of specimen
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Figure 4.10. Damage history of drop tower Test 1 (10000 fps)
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®0 mm 3 m/s (Test 2) '

(a) Experimental (b) Numerical model

Figure 4.11. Test 2 final damage state on front (impact) face of specimen

(a) Experimental (b) Numerical model

Figure 4.12. Test 2 final damage state on rear face of specimen
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0.5 ms

1.5 ms

Figure 4.13. Damage history of drop tower Test 2 (10000 fps)
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(a) Experimental (b) Numerical model

Figure 4.14. Test 3 final damage state on front face of specimen

(a) Experimental (b) Numerical model

Figure 4.15. Test 3 final damage state on rear face of specimen
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1.5 ms

Figure 4.16. Damage history of drop tower Test 3 (10000 fps)
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P60 mm —3 m/s (Test 4)

(a) Experimental (b) Numerical model

Figure 4.17 Test 4 final damage state on front face of specimen

(a) Experimental (b) Numerical model

Figure 4.18. Test 4 final damage state on rear face of specimen
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0.3 ms

0.6 ms

0.9 ms

Figure 4.19. Damage history of drop tower Test 4 (10000 fps)
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(a) Experimental (b) Numerical model

Figure 4.20. Test 5 final damage state on front face of specimen

(a) Experimental (b) Numerical model

Figure 4.21. Test 5 final damage state on rear face of specimen
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0.8 ms

2.5 ms

Figure 4.22. Damage history of drop tower Test 5 (10000 fps)
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(a) Experimental (b) Numerical model

Figure 4.23. Test 6 final damage state on front face of specimen

(a) Experimental (b) Numerical model

Figure 4.24. Test 6 final damage state on rear face of specimen
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0.3 ms

1 ms

Figure 4.25. Damage history of drop tower Test 6 (10000 fps)

Strain rate of the specimens were also investigated. For this purpose, strain rate
of first and third principle strain were selected on the solid elements which enables to
observe the maximum tensile and compression strains induced by the loading condition.

Selection of representative solid elements were made sufficiently close to the impact
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zone on the front face of specimen considering the damage occurring at the impact zone
and thus to prevent misleading evaluation of strain rate. Figure 4.26 and 27 (a) present
the strain rate history of selected element for Test 1 and 2 both without hole at the
specimen holder and all the presented figures below has a time unit of microsecond. In
Test 1 maximum strain rates from first and third principle strain were detected at the
moment of peak force, and were reached (2.2 and 2.1 ms) as 686 and 454 1/s. However,
in Test 2 highest strain rates of first and third principle strains were determined 0.4 and
1.9 ms after the peak force reached as 147 and 3880 1/s. Figure 4.26 (b and c) and
Figure 4.27 (b and c) present strain rate variation on the front face of specimen for the
first and third principle strains of Test 1 and Test 2, respectively.

Strain rate history of Test 3 and 4, both having 60 mm hole at the specimen
holder, are presented in Figure 4.28 and 29 (a). In Test 3 the maximum strain rates of
first and third principle strain were determined 1 ms later than the peak force reached
and found out to be 740 and 718 1/s, respectively. In Test 4 it is determined 0.3 ms later
than the peak force reached and detected to be 830 and 1030 1/s, respectively. Figure
4.28 and 29 (b and c) present strain rate variation over the specimen on front face of
Test 3 and 4. From the figures it can be seen that the maximum strain rates for both of
the tests were specifically detected to be in the central region of circular crack.

Strain rate histories of Test 5 and 6 are presented in Figure 4.30 and 31 (a). In
Test 5 the maximum strain rates of first and third principle strain were determined at 1.8
ms as 133 and 124 1/s respectively. In Test 6 strain rates were obtained before the
moment of peak force reached during the test. Highest values were found at 590 and
340 1/s for the strain rates of first and third principle strain. Figure 4.30 and 31 (b and c)
present strain rate variation over the specimen on the front face. The impact region had
the highest strain rate.

Generally, strain rates in overall except the damaged regions are lower than that
of SHPB tests. Using HJC material model with the detected parameters for the
numerical analyses of drop tower tests resulted in good agreement with specifically
increase trend of forces and crack profile. Additionally, maximum 10% strength

difference was observed between the drop tower numerical analyses and tests.
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(a) Strain rate history

Time: 2.2 ms

(b) Strain rate variation of first principle strain

Figure 4.26. Strain rate investigation of Test 1

(cont. on next page)
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Time: 2.1 ms

(c) Strain rate variation of third principle strain

Figure 4.26. (cont.)

First principle strain - strain rate
4000 —— Third principle strain - strain rate
3000
2000
w
— 1000 P A,, |
A2 0
§ -1000 £~ AN
= \\/ V""'J ¥ b |
? \
-2000
-3000 \V
-4000
0 0.5 1 15 >
Time (ms)

(a) Strain rate history

Figure 4.27. Strain rate investigation of Test 2

(cont. on next page)
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(c) Strain rate variation of third principle strain

Figure 4.27. (cont.)
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Figure 4.28. Strain rate investigation of Test 3
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Figure 4.28. (cont.)
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Figure 4.29. Strain rate investigation of Test 4
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Figure 4.29. (cont.)
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Figure 4.30. Strain rate investigation of Test 5
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Figure 4.30. (cont.)
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Figure 4.31. Strain rate investigation of Test 6
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CHAPTER 5

CONCLUSIONS

In the light of conducted experimental program and numerical analyses, the

most important outcomes may be summarized as follows:

Experimental studies carried out using Split Hopkinson Pressure Bar
(SHPB) setup revealed that at strain rates even in the quasi-static regime
(3.55x10°, 3.23x10™, 2.97x10” 1/s) concrete shows a strain rate
dependent behavior. Compressive strength slightly increased as strain
rate was increased at lower strain rates, and almost doubled at high strain

rate tests (240 1/s) compared to quasi-static loading rates.

Holmquist-Johnson-Cook (HJC) model was found to be successful in
finite element (FE) modeling of the high strain rate behavior of concrete.
However, it was found that when determining the C parameter of HJC
model that incorporate strain rate sensitive behavior of concrete into the
model, considering high strain rate strength obtained from SHPB tests
can be misleading. Confining stresses due to radial inertia develop in
samples significantly contribute to the observed strength gain at such
high strain rates, since concrete strength is highly dependent on
hydrostatic stresses. Determining C parameter using these data points
resulted in an overestimation in numerical analyses, since by this way
strength gain due to radial inertia was counted twice. On the other hand,
completely ignoring strain rate effects (C=0) yielded underestimated
strength in numerical analyses, hinting an inherent strain rate dependent
behavior of the material. At quasi-static strain rates, lateral confinement
due to radial inertia is negligible but still a strength gain is observed with
increasing strain rates. Determining C value according to this range
yielded accurate predictions in numerical analysis. Therefore, as seen in

this study, caution is required when concrete behavior is modeled under
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high strain rates and strain dependent behavior is taken into account.
Determining parameters using high strain rate tests by attributing entire
strength gain on the strain rate dependent behavior can be misleading
since only a small proportion of observed strength gain is solely due to

strain rate dependent behavior.

e FE model of drop tower tests validated the HJC model used with
determined model parameters. Force history comparisons between
analyses and experimental results obtained under various boundary
conditions and impact velocities have shown very good agreement with a
maximum 10% peak strength difference. Crack profiles also showed a
good agreement. Validating the model parameters under completely
different test conditions increased the confidence on the previous

conclusion.

Beyond drawn conclusions, this study also provided the literature with data
obtained from a well-executed experimental program, which can be used for further
studies. For example, there are various FE software and constitutive material models
available to evaluate the impact and blast effects on concrete material. In addition to
Johnson-Holmquist-Cook concrete model and nonlinear FE software LS-DYNA, further
studies can be conducted using other constitutive models and FE software to investigate

the observed behavior in more detail. .
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