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Measuring and modeling material properties during high loading rates

Material characterization of A36 steel under high loading rates using the Split Hop-
kinson Pressure Bar and numerical modeling

FRIDA KROHN

Department of Industrial and Materials Science

Chalmers University of Technology

Abstract

This thesis aims to evaluate a method for analyzing the high strain rate behavior of
A36 steel by combining experimental testing and numerical modeling. Experiments
consisting of uniaxial compressive tests and Split Hopkinson Pressure bar tests were
performed to cover low and high strain rates. The method’s ability to use low strain
rate data to predict high strain rate behavior using the Johnson-Cook material model
was evaluated. Numerical modeling and parameter optimization were performed in
LS-DYNA and LS-OPT, respectively. The results showed reasonable agreement be-
tween the experiments and simulations for hydraulic compressive and Split Hopkin-
son Pressure Bar tests. Consistently, an explicit strain rate dependency is present
throughout the tests, but fluctuations in the Split Hopkinson Pressure Bar data
complicated the data analysis. The method has strengths and limitations. While
the Johnson-Cook material model effectively models A36 steel at high strain rates,
additional refinements in the numerical model and parameter optimization process
are needed to obtain a reliable set of parameter values. Improving the reliability of
the strain gauge data and introducing striker velocity measurements could elevate
future method development. In this thesis, the method chosen to evaluate steel’s
high strain rate behavior provides a foundation for further work. Refinements in
experimental setup and numerical modeling are necessary to improve the reliability
of the results before they can be applied effectively in future studies.

Keywords: Split Hopkinson Pressure Bar, SHPB, A36, Johnson-Cook



Sammanfattning

Detta examensarbete syftar till att utvirdera en metod for att analysera beteen-
det vid hoga belastningshastigheter hos A36-stal genom en kombination av exper-
imentella tester och numerisk modellering. Experimentella tester i form av enax-
iella tryckprov och Split Hopkinson Pressure Bar-tester genomfordes for att tacka
bade laga och hoga deformationshastigheter. Metodens férmaga att anvinda data
fran laga deformationshastigheter for att forutsaga beteendet vid hoga deformation-
shastigheter utvarderades med hjilp av materialmodellen Johnson-Cook. Numerisk
modellering och parameteroptimering utfordes i LS-DYNA respektive LS-OPT. Re-
sultaten visade en rimlig 6verensstdmmelse mellan experiment och simuleringar for
bade hydrauliska tryckprov och Split Hopkinson Pressure Bar tester. Ett enhetligt
och tydligt deformationshastighetsberoende kunde observeras, men sviangningar i
matdatan fran Split Hopkinson Pressure Bar-testerna forsvarade analysen. Meto-
den har bade styrkor och svagheter. Johnson-Cooks materialmodell modellerade
effektivt beteendet hos A36-stal vid hoga deformationshastigheter, men ytterli-
gare forbattringar i den numeriska modellen och parameteroptimeringsprocessen
kravs for att erhalla en tillforlitlig parameteruppséattning. For att forbattra meto-
den bor tillforlitligheten vid datainsamling med tradtéjningsgivarna forbéttras samt
hastighetsméatningar for strikern inforas. Metoden som anvéants i detta examensar-
bete for att utviardera stals beteende vid hoga belastningshastigheter kan anvands
som grund for framtida arbete. Forbéttringar i den experimentella uppstéllningen
och den numeriska modelleringen dr nédvéndiga for att oka reultatens tillforlitlighet
innan de efektivt kan tillimpas i framtida studier.
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1

Introduction

Understanding how metals respond to dynamic loading is crucial in engineering
applications, as it directly affects the performance and safety of components and
structures, especially under high loading rates. Various experimental methods are
commonly used to assess the behavior of materials subjected to high strain rates,
one of which is the Split Hopkinson Pressure Bar (SHPB). This thesis investigates a
method of analyzing the dynamic behavior of A36 steel [1]. This chapter describes
the background and development of the Split Hopkinson pressure bar and describes
the aim and objective of this thesis, which will provide the basis for the experimental
and numerical work later presented.

1.1 Material testing and the history of the Split
Hopkinson Pressure Bar

There are many handbooks listing material properties. These properties are usually
obtained from quasi-static testing under standardized conditions. A regular com-
pression test can provide reliable values for the material’s yield point and ultimate
strength [2]. While useful, these quasi-static properties offer little assurance of a
product’s performance in the real world, where it might experience being dropped
on the ground or submitted to explosive blast. What both of these scenarios have in
common is a load varying over time, leading to another aspect of material testing,
how a material behaves under dynamic loading.

Using regular hydraulic-driven material testing techniques, problems arise quite
quickly when increasing the velocity of the applied load, since there is a loss of
accuracy and difficulties in keeping the circumstances controlled [2]. In a perspec-
tive of strain rate, a 5 mm long specimen being subjected to a displacement load of
1 m/s equals a strain rate of 200 1/s, while 10 m/s results in a strain rate of 2000
1/s, whereas the strain rate of the quasi-static material properties earlier mentioned
is about 1072 1/s or lower. To be able to test materials at higher loading rates, with
strain rates of about a few thousand per second, other approaches, like the SHPB,
are needed to maintain control of the applied load while still collecting necessary
data in a reliable way.

The challenges of high strain rate testing were historically approached by Hopkinson
and Kolsky among several others. Their work led to the development of testing
methods with the ability to examine material behaviors at high loading rates.
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Hopkinson published a method for measuring stress pulses in metal bars in 1914,
which led to the creation of a device now referred to as the Hopkinson pressure bar.
His method was modified by Landon and Quinney in 1923 and further developed
by Davies in 1948 [3]. In 1949, Kolsky published the article titled *An Investigation
of the Mechanical Properties of Materials at Very High Rates of Loading’, which
has since then been widely cited. In the article’s introduction, Kolsky refers back
to earlier work where it was determined that the mechanical behavior of materials
is dependent on the loading rate. These experiments were performed on plastics,
rubber, copper, and lead. At very high rates of loading, two problems tend to arise.
The first issue is handling the stress and strain components that do not act in the
direction of loading. The second issue is the inertia effects in the setup, with one
consequence being that it is almost impossible to separate the inertia effects from
the studied material properties. Another consequence is that the stress along the
specimen’s length will be non-uniform due to its inertia [4]. Using the work of his
fellow scientists, Kolsky developed the method used in his article by combining two
Hopkinson bars with a thin specimen sandwiched between them, creating the setup
now known as a Kolsky bar or more commonly referred to as the Split Hopkinson
pressure bar. Using this method, inertia effects could be accounted for, and the
thin specimen minimized the transverse stress and strain components. Therefore
it is a useful method for material characterization. Even though extensive testing
standards exist, there is still room for improvement regarding interpreting data and
choosing a suitable material model for the application. One method of doing so
will be explored in this thesis through a combination of experimental testing and
numerical modeling.

1.2 Aim and objectives

This thesis aims to assess how hydraulic compression tests and Split Hopkinson
Pressure Bar (SHPB) tests, together with the Johnson-Cook material model, con-
tribute to accurately modeling the high strain rate behaviour of A36 steel.

In this thesis, both SHPB and regular hydraulic compression tests at different strain
rates are performed. The accuracy of the Johnson-Cook material model will be
evaluated by its ability to predict the steel’s behavior in the range from quasi-static
to dynamic strain rates. Numerical FEM models will be developed, and a model
for parameter optimization will be used to derive suitable values for the material
parameters in the Johnson-Cook material model. These models will be used to
evaluate the ability to predict high strain rate behavior using low strain rate data.
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1.3 Limitations

This study has several limitations, and these need to be acknowledged. These limi-
tations include the experimental setup, material model and approach to numerical
modelling.

The experimental section of this study has a few different limiting factors. The
testing will be limited to A36 steel which is well studied and provides a good basis
for comparison of the results, but limits the generalizability of the method. The
specimens available have the same size, so the geometric effects will be accounted
for using available theories. This study primarily relies on strain gauge data to eval-
uate the SHPB results since they have high sensitivity, accuracy, and the extracted
data is straight forward to process. The strain gauges can however be sensitive to
external noise and the rapid changes occurring at high loading rates may affect the
accuracy of the measurements.

In this thesis, the numerical modeling is limited to examining one material model,
the Johnson-Cook model, which may not be able to capture the material behav-
iors observed during testing. While using a well known and regularly used material
model provides more data for comparison and evaluation, this also narrows the scope
of the thesis.

These limitations will affect and influence the way the results are interpreted as well
as help identify areas for improvement.
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Behavior of metals

Metals can deform both elastically and plastically, depending on the applied stresses
and loading conditions. It is common for a metal to transition between these two
types of deformation during different stages of loading. Some metals may even
harden during loading, and thereby increasing its strength. In this chapter, several
phenomena that occur during compressive testing are presented.

2.1 Quasi-static conditions

Performing measurements on a system when it is in, or close to, equilibrium the
quasi-static behavior is observed, this is achieved when the load is applied at a very
slow rate. For a process to be considered quasi-static, it has to be sufficiently slow
for the behavior of the material to appear close to as if it is under static conditions,
meaning there is a low acceleration so the inertia is negligible.

The quasi-static state is different from the static state because of dynamic effects act-
ing on the system, but these effects are generally so small that they can be neglected.
For metals, testing is considered quasi-static for strain rates up to é =2.5-107% 1/s
according to AMTS standards, which provides conditions for standardized material
testing [5]. Quasi-static testing is fundamental for understanding material behavior
as it serves as a reference for understanding changes occurring when dynamic effects
are introduced.

2.2 Plasticity phenomena

Plastic deformation in metals is influenced by several phenomena: hardening, strain
rate sensitivity, and yield drop are some of them. Each of these will influence the
material’s response during plastic loading.

Hardening

Hardening of metals occurs due to plastic deformation. When the material hardens,
the ultimate strength increases. Plastic deformation occurs when the applied stress
is sufficient to break the inter-atomic bonds, thus rearranging the atoms in the mate-
rial. Before the rearrangement, the metal atoms have a mostly regular positioning.
After the deformation, where there are dislocations, they develop a resistance to
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further dislocations to form and propagate, making it harder to further deform the
material.

Strain rate sensitivity

Strain rate sensitivity refers to a material’s changed behavior for loadings with
different strain rates. For lower strain rates, near the quasi-static region, the strain
rate sensitivities are caused by the inertness of the developing dislocations, which
can be related to a material relaxation time. Going into the dynamic region the
same phenomenon becomes even more prominent. In the dynamic region, other
strain rate effects also start to appear due to changes in the plastic flow close to
areas of concentrated stress or variety in the material’s microstructure, which is
highly apparent in steels [6]. These effects influence the material strength, and they
become more prominent as the strain rate increases.

Yield drop and Liider bands

The transition between the elastic and plastic behavior of many metals shows a
yield drop in the stress-strain curve. This phenomenon is not necessarily the ma-
terial’s actual behavior and occurs because of local deformations in the specimen
[7]. These deformations are often called Liidder bands, and their shape varies with
specimen geometry. The Liider bands do not contribute to strain hardening before
the whole specimen has plastically deformed since the bands develop at an almost
constant level of stress [8].The bands show their presence in the stress-strain curve
as a fluctuating region of almost constant average stress right after the higher yield
point [7]. Both the yield drop and constant stress area are circled in the sketched
stress-strain curve in Figure 2.1

€

Figure 2.1: Representation of yield drop and plateau in a stress-strain curve.

This disruption in an otherwise smooth curve creates difficulties when fitting pa-
rameters to many conventionally used material models, as these models often have

6
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a well-defined or smooth transition between elastic and plastic behavior. The occur-
rence of Liider bands introduces further challenges as most experimental measure-
ment techniques provide an average of the specimen deformation which does not
capture the local nature of the plastic deformations. The local deformations create
further difficulties as the phenomenon may appear more frequently for higher rates
of loading.

2.3 Wave propagation in metals

In high strain rate testing, especially in methods like SHPB, understanding wave
propagation is important while analyzing the stress and strain distributions. In
SHPB testing, both elastic and plastic waves may appear.

Elastic waves in thin bars

When a dynamic force is applied at the end of a bar, it generates a compressive stress
wave that propagates along its length. If the length of the bar is large compared to
its diameter, the wave can be approximated as a uniaxial stress wave, meaning the
stress and strain are primarily along the axis of the bar.

This stress wave propagates at a specific velocity, as each atom in motion transfers its
momentum to neighboring atoms, generating the wave motion. The wave velocity,
denoted Cy, depends on the material’s properties and is described by Equation (2.1),
where F is the Young’s modulus, representing the stiffness of the material, and p is

its density [9]:
E
Co=4]— 2.1
0= (2.1)

The relationship shows that the wave speed increases with increasing stiffness or
reducing density. Hence, the highest wave speed is obtained in materials with high
stiffness and low density.

Plastic waves in test specimens

In SHPB tests an elastic compressive wave travels through a bar, and when it reaches
the specimen it partly reflects back as a tensile wave, while the rest travels through
the the specimen causing plastic deformation. Therefore, the impedance of the bar
and the specimen should match to minimize the reflection of the wave at the tran-
sition to ensure sufficient deformation in the specimen.

Due to the SHPB setup, as later described in Chapter 3, the stress in the specimen
can be considered uniformly distributed. This uniformity occurs because the wave
length of the applied load is longer than the specimen itself, allowing the entire
specimen to experience the load wave simultaneously before unloading begins. Con-
sequently, the specimen does not experience a classic plastic wave propagation, as
the load affects it uniformly across its length during the loading interval.
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At quasi-static or slower dynamic strain rates, the stress waves have a lot of time to
travel through the specimen and reflect, and the resulting stress can be assumed one
dimensional. As the strain rate increase to what is achieved in SHPB testing, the
wave velocity can decrease significantly due to the plastic deformation occurring,
which would disturb the force equilibrium assumption. This disruption may be
avoided by limiting the maximum allowable impact velocity [10]. The expression for
maximum velocity is found in Equation (2.2) [10], using s and b as indices referring
to specimen and bar properties. In the equation p is the density, ¢ the sound velocity
and o, is the specimen yield strength.

PbCoh d? 20,
V< =] — 2.2
B <2pscs " d%) PoCo (22)

While interpreting the results from SHPB, assumptions about the wave behavior
are required, which can to a certain degree, affect the measurement interpretations.
However, the uniform stress distribution assumption is generally needed during data
analysis.

2.4 Johnson-Cook Material model

The Johnson-Cook (JC) material model is one of the most commonly used models
to predict failure initiation and plastic material behavior. The JC model is used to
predict the material behaviour during both low and high strain rates in materials
experiencing plastic deformation [11].

The flow stress is defined as the stress required to continue to deform the material
plastically at any given moment [12]. The JC parameters are a part of the JC flow
stress model, which is expressed as [11]:

o; = (A+ Be) (1 +Cln ;) (1 - (TTm__j;?()m> (2.3)

where, o is the flow stress, ¢ and ¢ is the strain and strain rate while g is the ref-
erence strain rate. The parameters Ty, T;, and m are considered known parameters

and represents environment temperature, melting temperature and effect of thermal
softening [13]. The JC parameters A, B, n and C' are described in Table 2.1.

Table 2.1: Description of relevant parameters in the JC model.

Parameter Description

yield stress in the material at reference strain rate.
Strain hardening constant at reference strain rate.
Strain hardening coefficient at reference strain rate.
Strain rate strengthening factor

QS e

The JC model could result in a curve as the one in Figure 2.2, where A represents
where the red line starts at zero plastic strain and an increased flow stress is observed
for increased plastic strain.

8
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of

€p

Figure 2.2: Example curve from the JC model equation.

In this thesis, one objective is to find suitable values for the constants A, B, n, and
C for a defined reference strain rate.

The temperature related variables are for A36 steel defined as Ty = 300 K, T;,, = 1703
K and m = 0.917 according to [14]. Knowing the JC models limitations in capturing
effects like yield drop, this study aims to find a parameter set that still accurately
models A36 during different strain rates.
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3

Theory of material testing using
the Split Hopkinson Pressure Bar

The Split Hopkinson pressure bar (SHPB) setup mainly consists of three bars: the
striker, the incident bar and the transmitting bar, which can be seen in Figure 3.1
from left to right. The incident and transmitting bars are long and made from a
material with higher strength than the specimen to avoid that they are damaged
during testing. The bars are also chosen to have a matching impedance to the
specimen to ensure proper wave transmission between them. The specimen is placed
between the two bars. The striker bar is made of the same material as the incident
and transmitting bars, but has a shorter length. The striker is launched at the
incident bar which generates a wave that propagates through the test setup. Strain
gauges are placed at an equal distance from the specimen on both the incident and
transmitting bar and measures the propagating wave.

dampening region

a a
ct:vmpresse::l| x Cfl \. [}]
gas tank

m| r
Compute Oso Amp

Figure 3.1: Schematic representation of the SHPB setup.

The SHPB ideally deforms the specimen uniformly in combination with achieving
high strain rates.

Different parts of the setup is referred to using the indices in the list below, with z
being a changeable variable.

11



3. Theory of material testing using the Split Hopkinson Pressure Bar

index Definition

Tstr striker

Ty incident bar

T incident wave

Ty transmitting bar

Tt transmitted wave

T specimen

Ty bar, valid for both incident and transmitted

The striker is launched through a tube and impacts the incident bar, which intro-
duces a pressure wave propagating with the speed of sound in the incident bar.
The wave is measured by the installed strain gauge and the output voltage can be
converted to strain with a scale factor depending on the kind of strain gauge used.
The strain in the incident bar is denoted as ;. The pressure wave then progates
through the specimen and through the transmitting bar where the other strain gauge
measures the strain denoted er. When the wave propagates through the surfaces
between the bars and specimen reflections occur which are also captured by the
strain gauges. This process can also be described through a series of equations [9]
[15]. Starting with the wave equation as presented in Equation (3.1):

Pu  0u

or2 = ©og2
where u is the uniaxial displacement in the incident bar, 7 is time, ¢, is the bars speed
of sound and x is position in the direction along the length of the bars. Equation
(3.1) has a solution on the form in Equation (3.2)

(3.1)

u=f(r—c7)+ gl + 7)) =u +u, (3.2)

Physically this equation means that the two functions f and g respectively describe
the propagating pulses shape along the x axis in the positive and negative directions
[9]. The variables u; and w, represent the incident and reflected wave components
since we make the assumption of constant wave shapes in the bars [9)].

The one dimensional strain is by definition as in Equation (3.3) below.

_8u

T or

(3.3)
Therefore, Equation (3.2) can be differentiated by z to get the incident bar strain,
denoted e; expressed as the sum of the incident wave strain and reflected wave strain
as in Equation (3.4).

Er = &; T+ & (34)

Using the same method for the transmitting bar the strain e; = g4, as there is
no wave traveling in the negative direction during the observed span of time, the
transmitting bar strain is the same as the incident wave strain.

12
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Taking the derivative of Equation (3.2) again and using Equation (3.4), Equation
(3.5) is obtained for the incident bar:

— =u; = c(—&; + &) (3.5)

where u; is the displacement at the interface between the incident bar and specimen.
Similarly Equation (3.6) is obtained for the transmitting bar:

8uT

W = 'IlT = —Cp&¢ (36)

where ur is the displacement at the interface between the transmitting bar and
specimen.

Using the velocities in Equation (3.5) and (3.6) together with the length of the
specimen [, the strain rate, £,, in the specimen is expressed in Equation (3.7).
(4 — tr)

észli:(—ei—ksr—i—st)

Cp

5 (3.7)

By integration of the previous equation over time, the specimen strain is obtained
as in Equation (3.8).

T 1

€s = cb/ (—e;i+er + 5t)l—d7 (3.8)

0 s
Even though this equation is correct, it is not very useful in this SHPB setup since
there is no separate measurement of the specimen length during testing, therefore
the engineering strain, €, g, in the specimen is expressed instead by using the initial
specimen length as seen in Equation (3.9):

Cp

€seng — €s = */ (_51‘ +e&r + €t>d7' (39)
lo 0

Under uniaxial compression, the true strain, €;.,., can be calculated from the engi-
neering strain as Equation (3.10):

Etrue = IN(1 + €5) (3.10)

By taking the time derivative of true strain, the true strain rate, €;.,., is obtained
as in Equation (3.11):
eS

1+ €s
Besides the strain, the stress in the specimen is also of relevance. Now the assump-
tion of the specimen being in equilibrium is made, starting from the basic expression
for stress in Equation (3.12) which is expressed through the forces F; and Fr acting
upon the interfaces between the incident and transmitting bar and the specimen
cross section area A;.

(3.11)

Etrue =

F F+Fr
A 2A,

o (3.12)

13



3. Theory of material testing using the Split Hopkinson Pressure Bar

The forces in the equation above can be expressed with the bars’ elastic modulus
E}, and cross section area A, as Equation (3.13) and (3.14) below.

F[ = AbEb(gi + €T) (313)

Fr = AyEye, (3.14)

Inserting Equations (3.13) and (3.14) into Equation (3.12), the specimen stress is
obtained and due to the equilibrium assumption F7j is equal to Fp, the expression
for stress becomes as shown in Equation (3.15).

EbAb
= g
A,

O (3.15)
where g7 is replaced by (g; + ¢,). If A is handled as the true cross-section area
the same issue arise as with the strain, there are no dynamic measurements of the
specimen in the setup, hence additional assumptions are required. If the material in
the specimen can be assumed incompressible, the true stress can also be expressed
in terms of the engineering strain in Equation (3.9):

Otrue = £<1 + 63) = Ueng(l + 65) (316)
Ao

The equations presented in this chapter will be used while processing the data from

the performed experiments. Now with the theoretical stress and strain equations

established, the next section specifies the the measurement techniques used to collect

data during testing.

3.1 Measuring techniques in the Split Hopkinson
Pressure Bar

To measure both the incident and transmitting bar strain, a full bridge strain gauge
configuration can be used. This allows tension to be measured independently of
bending while also compensating for temperature changes. The full bridge consists
of four active strain gauges with two pairs rotated by 90° in regards to each other
and are coupled as shown in Figure 3.2. While installing, the two pairs of strain
gauges are placed on opposite sides of the bar at the same lengthwise location.

AN
AV

Figure 3.2: Full Wheatstone bridge circuit. Strain gauges are shown as variable
resistors with V; being the excitation voltage and V[ the output voltage.

w

14



3. Theory of material testing using the Split Hopkinson Pressure Bar

Due to there being four strain gauges there is a high output signal giving good
resolution in the measuring data. Using the full bridge, the output voltage Vj is
converted to the nominal strain € by Equation (3.17). In the strain equation, v is
the Poisson’s ratio of the bar, k the gaugefactor and V; the excitation voltage.

1 2V
Tt )kV (8:17)

As an alternative a half bridge strain gauge configuration can be used instead of the
full bridge. The half bridge consists of two active strain gauges rotated 90° from
each other and are coupled as in Figure 3.3.

AN
AV

Figure 3.3: Half Wheatstone bridge circuit. Strain gauges are shown as variable
resistors with V; being the excitation voltage and V[ the output voltage.

o

The half bridge is temperature compensated for isotropic materials, which usually is
a fair assumption for steel materials, including maraging steel if it has not previously
been subjected to plastic work [16] [17]. The half bridge has a disadvantage compared
to the full bridge in the sense of the output voltage being smaller and bending not
being compensated for according to [18]. On the contrary, the installation process
is less prone to errors, since strain gauges are sensitive to the adhesive method and
easily misaligned. For the half bridge, there is a similar conversion equation from
voltage to strain, as shown in Equation (3.18) [18].

1 4V
= -0 1
T A+0EV, (3.18)

15
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4

Experimental setup and test
procedures

Both Split Hopkinson Pressure Bar (SHPB) and compression tests in quasi-static
and dynamic strain rates were performed during the experimental testing. All speci-
mens were of the same steel quality, A36, cut into small cylinders having both length
and diameter of 6 mm. In this chapter, the used experimental setups are described
in addition to a description of the optimization method used to obtain the material
parameter values.

4.1 MTS compression testing

The slower compressive tests were performed with strain rates of quasi-static 1.6 -
10~ 1/s and dynamic 1.25 1/s to cover both quasi-static and slower dynamic strain
rates which provide a baseline for the material response under varying loading rates.

The compressive testing for the lower strain rates were preformed using the MTS
model 204.31 [19]. The setup was completed with a separate displacement gauge,
also from MTS, model 632.06C-22 calibrated to measure displacement. The output
options utilized from the MTS machine was: time (s), axial force (N), axial displace-
ment (mm).

The reason for using the additional displacement gauge is because the MTS-machine
cannot compensate for eventual flexibility in the machine parts, it only measures in

terms of the hydraulic output.

The displacement gauge was mounted on the surfaces which are to be in contact
with the specimen during testing as seen in Figure 4.1.

17



4. Experimental setup and test procedures

Figure 4.1: MTS setup with displacement gauge and specimen.

4.2 Split Hopkinson pressure bar tests

4.2.1 Setup of the Split Hopkinson Pressure Bar

The striker, incident bar and transmitting bar are all made from the same material,
a high strength maraging steel called Vascomax 350. Maraging steel is used because
of its high strength to ensure that plastic deformation does not occur in these during
the tests. Table 4.1 [20], features the properties of the bars used in the analysis.
The dimensions of the bars used are given in Table 4.2.

Table 4.1: VASCOMAX 350 properties.

Property Description Value

E Young’s modulus 190 GPa
p Density 8200 %
v Poisson’s ratio 0.3

Table 4.2: Dimension of bars in the SHPB setup.

Bar Length (m) Diameter (mm)
Striker 0.2 124
Incident bar 1.892 124
Transmitting bar 1.688 12.4

Between the striker and incident bar, a small thin copper disc was positioned to act
as minor damping to the pulse to create a nondisperive stresswave [21], and to pre-
vent damage in the bars. This disc is called a pulse shaper. There have been studies
about the pulse shapers impact on the results depending on its size and material,
but the results are not conclusive and some trial and error is therefore required.
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4. Experimental setup and test procedures

The properties of this setup can be used in Equation (2.2) to get the maximum
impact velocity for the striker to assure uniaxial stress in the specimen. This gives a
theoretical maximum velocity for this setup of only about 10 m/s, which is exceeded
during testing.

The setup is seen from both the front and the back in Figure 4.2, and a specimen
placed between the incident bar and transmitting bar is seen in Figure 4.3.

Figure 4.2: (a) Gas tank and barrel in the SHPB setup. (b) Track and support in
the SHPB setup seen from the back.

Figure 4.3: Specimen between the incident bar and transmitting bar.

4.2.2 Measurement equipment

The only variable input parameter is the pressure in the gas tank launching the
striker, which varied between 5 and 10 bar, mainly focusing on 5 and 7.5 bar. The
setup was at first installed with two full bridge configurations, one on the incident
bar and one on the transmitting bar. Due to failure in the incident bar strain
gauge configuration in test four, a new half-bridge configuration was installed on
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4. Experimental setup and test procedures

the incident bar. This setup was used to collect measurement data from test four
and later. The two different strain gauge setups can be seen in Figures 4.4a and
4.4b.

(b)

Figure 4.4: (a) One side of the full bridge strain gauge setup. (b) One side of the
half bridge strain gauge setup.

The change in strain gauge setup affects the measurement accuracy. However, only
minor differences were seen between the tests using different strain gauge configu-
rations.
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Numerical modeling of material
testing

The numerical models enable a more detailed comparison to the experimental tests
and serve as a basis for the material parameter optimization. The models were built
in LS-DYNA version 14.1.0 [22], which is a multiphysics simulation software suitable
for material deformation simulations.

5.1 Compression test model

The model was built to resemble the test conditions used in the hydraulic compres-
sive testing. It consists of two discs and the specimen placed in-between as seen in
Figure 5.1.

Figure 5.1: Numerical model of the hydraulic compressive testing.

Boundary conditions were introduced on one of the discs to prevent displacement
while the other disc was prescribed a displacement velocity matching the experimen-
tal test data. The specimen was modeled as a cylinder with a diameter and length
of 6 mm. The specimen was modeled with second order elements with a side length
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5. Numerical modeling of material testing

of about 0.3 mm which was determined by a mesh convergence study. The speci-
men was modeled using the Johnson-Cook (JC) material model and the Griineisen
equation of state with the parameters in Table 5.1. The Griineisen equation of state
defines equations for the compressed and expanded material pressure, dependent on
the material density, particle velocities and internal energy [23]. This equation of
state is specifically used for materials experiencing shock. These specific parameter
values were chosen since these numbers have appeared in previous work done on
A36 steel in very high strain rate applications [24]. The two discs were modeled as
a stiff elastic material to prevent them from deforming as much as possible. To be
able to perform the parameter optimization and results comparison, the specimen
force and cross-section dimensions were specified as output data.

Table 5.1: Griineisen parameters for A36 steel [24].

Griineisen parameter Value

C 4569 m/s
S1 1.49
GAMMAO 2.17

The model uses 8-point hexahedron elements together with the hourglass energy
type Flanagan-Belytschko for solid elements to prevent the hourglass phenomenon.
Two model variations were run to replicate the compression tests, one quasi-static
with a strain rate of 1.6 - 107* 1/s and one dynamic with a strain rate of 1.25 1/s.
These were run with explicit time stepping and mass scaling to keep a reasonable
runtime.

These models were used in LS-OPT to obtain the material parameters for the JC

material model, and the presumed known parameters had the values presented in
Table 5.2 [14].

Table 5.2: Material parameters for A36 [14].

Parameter Value

p 7850 kg/m?
E 210 GPa

v 0.26

5.2 Split Hopkinson Pressure Bar model

The SHPB model complements the experimental test by validating the JC param-
eters obtained from LS-OPT. To represent the SHPB experiments, the LS-DYNA
model includes the specimen and three bars with equal radius, the incident, trans-
mitting, and striker bar, all with the dimensions in Table 5.3. Part of the model can
be seen in Figure 5.2.
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5. Numerical modeling of material testing

Table 5.3: Part dimensions of the SHBP model, which are as close as possible to
the experimental setup.

Part Size
incident bar length 1.98 m
transmitting bar length 1.69 m
striker length 0.2 m
bar diameter 12.4 mm
specimen length 6 mm
specimen diameter 6 mm

Figure 5.2: SHPB model with incoming stress wave traveling to the right where
blue represents pressure and red is unaffected material.

All parts except the specimen were restricted to only have one degree of freedom so
that they were free to move in the length direction. The bars were modeled as elas-
tic, since they do not deform plastically, with the material parameters in Table 4.1.
Again, the specimen uses the Griineisen equation of state with the same parameters
as the quasi-static model. The SHPB model also uses an explicit time integration
scheme but does not use mass scaling as it is not needed or suitable for models with
significant dynamic effects.

To get the desired output, displacements were extracted both for the specimen at
different positions and at the experimental placement of the strain gauges, to be
able to resemble the strain gauge data.

To evaluate the performance of the model, each experimental test was matched
to a striker velocity by comparing the strain amplitude in the incident bar. How
the model and experimental data are compared will be presented as results in the
following chapter.
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5. Numerical modeling of material testing

5.3 Material parameter optimization

LS-OPT is an optimization and analysis software developed by LST LLC which is
highly compatible with LS-DYNA models [25], the version used was LS-OPT 7.0.2.

Two different setups were used in LS-OPT to determine the material parameters for
the JC model described in Section 2.4. The quasi-static model provides values for
A, B and n as these should not be affected by dynamic effects. The dynamic model
provides a value for C' i.e. the strain rate dependence.

The process in LS-OPT was defined as a Metamodel-based optimization consisting
of different stages: sampling, running stage, metamodels, composites, optimization,
termination criteria, domain reduction and finally verification. Their flow chart is
visualised in Figure 5.3 and the stages are described in more detail below.

Setup _ _| Sampling Samplingl
E parameters 1 war, 4 d-opt designs
[ L. ] [ Domain reduction ] l .
Finish By .
(SRSM) Stage_compression
b T : ; T g & pars, 5 hists
Verification - Termination criteria
1 design B 20 iterations

L T +
— —

Optimization

|'-_ 1 objective _-'|

|.. 0 constraints _,l o

T |
Composites Build Metamodels
1 definiticn 0 linear surfaces

Figure 5.3: LS-OPT flow chart for the dynamic compression tests.

In the sampling and running stage, the number of models to run per iteration is
determined before start, along with the parameter values for each iteration. In Fig-
ure 5.3, six parameters are indicated but five of them are kept constant and the one
active variable can be seen in the sampling stage. The output data needed from
the numerical model is defined in the optimization stage. In both the quasi-static
and dynamic models, the cross-section force and specimen height were defined as
output variables. Due to the varying number of optimized parameters, the model
based on the quasi-static compression test runs seven simulations in each iteration
to determine the JC parameters A, B and n, while the model of the dynamic com-
pression test runs four simulations in each iteration to determine the JC parameter c.
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5. Numerical modeling of material testing

In the composites and optimization stage, the output from the numerical model is
composed into a force-displacement graph. The graph is compared to the experi-
mental data using the mean square error method which is integrated in LS-OPT.
The results are evaluated by an Adaptive Simulated Annealing algorithm. To reduce
computational time and minimize the impact of local fluctuations, the comparison
is made at 100 points along the curves.

The results are then compared to the termination criteria, which is satisfied if the
change of parameter values is less than 0.001 and the improvement of the objective
function is less than 0.01. If the termination criteria is not satisfied, the domain
reduction stage provides a new set of parameter values, and the above described
process repeats until the criteria are satisfied.

Since the JC material model cannot fully describe the behavior of A36 steel, par-
ticularly the transition zone between elastic and plastic behavior, the measurement
data was slightly modified to appear smoother in the transition zone to reduce its
influence in the evaluation stage. The data was modified by applying a Gaussian
smoothing filter until no extreme peaks or dips were present, which greatly reduced
the higher yield point. The modified and original data for both the quasi-static and
the dynamic conditions are seen in Figure 5.4 and Figure 5.5 respectively.
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Figure 5.4: Unfiltered data from quasi-static testing in blue and filtered data for
use in LS-OPT in red.
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Figure 5.5: Unfiltered data from dynamic testing in blue and filtered data for use
in LS-OPT in red.

Together with the measured data from quasi-static testing, the LS-OPT model can
determine values for A, B, and n in the Johnson-Cook material model. It was
prioritized to fit strains over 0.018 to reduce the impact from the fully elastic region
in case of any deviations. To obtain the value for C, the already optimized values of
A, B and n from the quasi-static model were fixed, while C' was introduced as the
only variable parameter. The target curve was changed according to the dynamic
experimental data with the same type of filtering as presented earlier.
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Results

The experimental data obtained were processed by using the equations in Chapter 3.
The experimental results were then used as both the base of the LS-OPT optimiza-
tion and to compare the results to the numerical LS-DYNA models. This chapter
shows how the results from the numerical model with the optimized Johnson-Cook
parameters from LS-OPT fit the experimental test results both for the hydraulic
compression tests and the SHPB tests. It also presents how the physical and simu-
lated specimens are compared and how the data is analyzed.

6.1 Parameter optimization

The optimization algorithm in LS-OPT required eight iterations to reach the conver-
gence criteria. As shown in Figure 6.1, the final iteration of the force-displacement
curve for quasi-static conditions fits well with the modified measurement values,
except in the area directly following the elastic zone. It is apparent, even in the
smoothed curve, that the specimen undergoes a transition between elastic and plas-
tic behavior where the curve temporarily flattens out which cannot be captured by
the JC material model.
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Best fit for quasistatic conditions
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Figure 6.1: The best fitted numerical model compared to the smoothed measure-
ment data for strain rate 1.6 - 1074 1/s.

For the dynamic conditions with strain rate 1.25 1/s, the algorithm required five
iterations to reach convergence between the experimental force-displacement data
and the simulated data. Looking at the force-displacement curves in Figure 6.2 and
comparing it to the quasi-static curves in Figure 6.1, there is a larger difference in
the transition zone for the dynamic case compared to the quasi-static. In addition to
a overall larger difference throughout the curves while comparing the experimental
and simulated data. It looks like the material model response in the plastic region
would be able to achieve a better fit if the curve was transferred against larger
deformations. There is a slight increase in the modeled applied force right at the
end of the curve compared to the measurement data, the same thing can be seen in
the quasi-static case but it is not as noticeable.

28



6. Results
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Figure 6.2: The best fitted numerical model compared to the smoothed measure-
ment data for strain rate 1.25 1/s.

The JC parameters extracted from the optimization results in LS-OPT are found in
Table 6.1. These are later to be used is the SHPB modeling.

Table 6.1: Johnson-Cook parameters obtained for A36 steel from LS-OPT.

Parameter Value

A 171 MPa
B 725 MPa
n 0.35

C 0.012

6.2 Material testing

Uniaxial compressive tests

All specimen dimensions were measured before and after testing, the measurements
are found in Table 6.2 with their respective strain rate. In the table, L; is the spec-
imen length before testing and L, the length after compression while D; and D,
is the specimen diameter before respectively after testing measured at the widest
point. It should be noted that the amount of compression observed is not repre-
sentative of the material behavior by itself. A different amount of gap between the
top plate and top of the specimen at the start of the test would result in a different
amount of final compression.
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Table 6.2: Measurements from uniaxial compressive test specimens.

test Ly (mm) Ly (mm) D; (mm) Dspnig (mm) € (s74)

MTS1 5.96 4.81 5.99 7.71 1.6-107*
MTS2 5.98 3.63 6.00 7.83 1.6-1074
MTS3 5.98 3.05 5.98 8.55 1.6-107*
MTS4  5.97 3.52 5.98 7.92 1.25
MTS5 5.98 3.74 5.99 7.70 1.25

As can be seen in Figure 6.3 and Figure 6.4, the uniaxial compressive test specimens
show a varying degree of barreling, meaning an outward rounded protrusion of the
sides, which becomes more significant for tests with larger compressive deformation.
The specimens appear quite smooth, with no visual additional damage. All results
from the uniaxial compression test shows effect from barreling which is caused by
the restricting movement at the surfaces caused by friction. It does not appear to
be any significant difference between the tests with varying strainrates, see Figure
6.3 and Figure 6.4.

(a) MTS1 (b) MTS2 (¢) MTS3

Figure 6.3: Specimens from uniaxial compressive testing with strain rate 1.6- 1074
1/s, the difference between a), b), and ¢) is the amount of compression.

(a) MTS4 (b) MTS5

Figure 6.4: Specimens from uniaxial compressive testing with strain rate 1.25 1/s,
the difference between a) and b) is the amount of compression.

The stress-strain curve from the uniaxial compressive tests is similar throughout
the different tests of the same strain rate, as visualized in Figure 6.5. A significant
difference can be seen between the quasi-static and dynamic tests. There is a distinct
yield drop in the stress-strain curve, a clear lowering of the yield stress for the
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dynamic scenarios, and more of a plateau in the quasi-static tests. Compared to the
quasi-static test, the higher yield point exhibited an increase of about 30 % for the
dynamic case and an overall increase in yield stress of between 5-10 %.
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Figure 6.5: True stress against true strain for the uniaxial compressive tests.

To evaluate specimen geometry, the final diameters of the specimens were compared
to simulations that had the same final height as in the experimental tests. Except for
the least deformed specimen, MTS1, it was found that the simulations consistently

predicted a diameter that slightly exceeds the measured and this is presented in
Table 6.3.

Table 6.3: Diameter comparison between tests and simulations.

test measured diameter (mm) simulated diameter (mm)
MTS1 7.71 6.9
MTS2 7.83 7.9
MTS3 8.5 8.7
MTS4 7.92 8.0
MTS5 7.7 7.8

Height wise, MTS2 and M'T'S5 were compressed to a similar degree but with different
strain rates. In the photographs, Figure 6.3b and Figure 6.4b, appear quite similar.
In the LS-DYNA models, a difference can be seen in Figure 6.6, mainly in the region
where the widest section appears. The quasi-static MTS2 model is widest in the
middle while the dynamic MTS5 model is widest a bit closer to the bottom.
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(a) MTS2 (b) MTS5

Figure 6.6: Shape of the specimens after compression in LS-DYNA for different
strain rates, where some dynamic effects appear present due to the slight shape
difference.

Overall, the numerical model of the uniaxial compressive testing preformed ade-
quately. The differences and inconsistencies between the experimental and numerical
results will be analyzed in the discussions chapter. Next, the results from SHPB will
be examined by evaluating how the numerical model compares to the experimental
data.

Split Hopkinson Pressure Bar tests

The SHPB specimen’s length and diameter were measured with digital calipers
before and after testing, the measurements are found in Table 6.4. In the table
again, L, is the specimen length before testing and L, the length after compression
while D; and D, is the specimen diameter before respectively after testing measured
at the widest point. Some of the SHPB specimens showed signs of further damage
after testing in the form of indents of different depths, mostly occurring along the
corner edges. These indents are probably due to the specimen bouncing around
and hitting the sharp edges of the bars after losing contact with the bars. These
imprints do not appear to significantly alter the overall shape and are unlikely to
have impacted the material behavior. After the tests the specimens generally had
almost straight edges, as can be seen in Figure 6.7. They show limited to no signs
of barreling compared to the hydraulically compressed specimens. This means there
was no significant amount of friction acting upon the specimen and the stress is
mostly uniaxial.

Table 6.4: Measurements of SHPB tests where all measured heights are presented
in mm. Strain gauge configuration type is given in order for the incident and trans-
mitting bar.

test Ly Ly Dy Dipia € (1/s) Strain gauge configurations
SHPB1 598 534 599 6.37 1550 full-full
SHPB2 5.98 5.13 5.99 6.52 2100 full-full
SHPB3 598 3.8 594 7.52 4000 full-full
SHPB4 598 4.99 597 6.58 2350 full-half
SHPB5 598 4.38 596 7.14 3300 full-half
SHPB6 5.97 451 46 6.84 3050 full-half
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(a) SHPB1 (b) SHPB2 (c) SHPB3
(d) SHPB4 (e) SHPB5 (f) SHPB6

Figure 6.7: Specimens from SHPB testing.

All modeled SHPB specimens have a similar apperance, with varying heights and a
slight curvature along the side edge. The modeled shape corresponds well with the
physical test specimens. Slight irregularities along the top and bottom edges can be
seen in the model specimen in Figure 6.8. In the top right and bottom left corners
such irregularities can be seen, they likely appear due to contact issues.

Figure 6.8: LS-DYNA model specimen representing SHPB5.

The SHPB tests and the results from the LS-DYNA model were compared by the
final height of the specimens. The physical specimen almost consistently ended
up longer than the modeled specimen as can be seen in Table 6.5. SHPB3 is an
exception which is of particular interest considering it had the highest input incident
bar strain.
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Table 6.5: Specimen height comparison between tests and simulations.

test measured length (mm) simulated length (mm)
SHPB1 5.34 5.10
SHPB2 5.13 4.85
SHPB3 3.8 3.98
SHPB4 4.99 4.78
SHPB5 4.38 4.30
SHPB6 4.51 4.44

From the measured data, the average true stress and average true strain in each
specimen were calculated and plotted together in Figure 6.9. It can be seen that the
stress consistently rises with an increased strain rate. After the initial loading, the
stress keeps rising slowly until unloading. It is difficult to determine if the yield drop
phenomenon is present for the slower rates of loading since measurement errors cause
an overshoot from rapid loading. However, an increase in stress level is observed
in the SPHB tests compared to the unixaial compressive tests, see Figure 6.5. By
comparing stresses at the strain 0.15, the SHPB tests are within the interval 700 to
900 MPa and the MTS test within 550 to 600 MPa, which points to a significant
strain rate dependence, especially since the stress levels increase together with the
strain rate.

True stress for SHPB
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Figure 6.9: True stress-strain plot for the SHPB tests.
To evaluate the fit of the parameters obtained from LS-OPT, the strain measurement
data was compared to the corresponding data from the LS-DYNA model, and the

specimen sizes were compared. In Figure 6.10 to Figure 6.15, the strain data are
compared and it is observed that the incident waves correlate quite well both in
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amplitude and in width, especially for tests 4, 5, and 6. The modeled transmitted
wave amplitude has a good fit with the measurements for all tests. They have less
fluctuations but still follow the average slope. The reflected wave in the incident bar
shows quite severe fluctuations and spikes for SHPB tests 1 and 2 and is missing
completely for test 3 due to strain gauge malfunction, there is for both of these a
peak at the end of the wave not seen in the other tests. In all cases, the amplitude
of the reflected wave from the simulations is too high.
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Figure 6.10: Experimental and simulated data from the SHPBI test.
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Figure 6.11: Experimental and simulated data from the SHPB2 test.
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Figure 6.12: Experimental and simulated data from the SHPB3 test.
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Figure 6.13: Experimental and simulated data from the SHPB4 test.
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Figure 6.14: Experimental and simulated data from the SHPB5 test.
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Figure 6.15: Experimental and simulated data from the SHPB6 test.

In summary, these results highlight A36 steels strain rate dependence, and there are
prominent deviations from the JC model in the transition zone between elastic and
plastic deformation. The same tendencies are seen in all SHPB results, providing
consistency and a generally good fit. The results provide a base for further analysis
in the upcoming discussion chapter, where the findings and their implications are
discussed in more detail.
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Discussion

This chapter presents a discussion of the comparison between the experiments and
the numerical models. It focuses on findings related to wave behavior and how it is
affected by the optimized JC parameters. Discussions regarding the experimental
setup are addressed where they might have influenced the results as well as being
handled separately to bring forward sources of error.

Looking at the parameters obtained from the optimization the value of A=171 MPa,
in the JC model, immediately raises some questions as it commonly for steel takes on
a tabulated value of 300 MPa or higher when the yield point is defined as the point
where 0.2 % plastic strain is obtained. Since metals often show some non-linearity
before the expected upper yield point it is reasonable that A would obtain a lower
value than first expected from its definition. It is however clear that this is a direct
consequence of the non-linearity, yield drop and the transition zone between the
elastic and plastic behavior and there is no clear way to handle this while using the
JC model. When allowing A to adopt a lower value the model will yield a reasonable
result for larger deformations, but one consequence is a smaller elastic deformation
range, resulting in more plastic deformation. This becomes more significant in ap-
plications where the elastic to plastic region either is observed or happens to lie close
to the desired deformation. With this reasoning, the modeled specimens will be a
bit shorter in the end, compared to the specimens from the experiments, which is
consistent with the obtained results.

For the strain rate sensitivity, which is modeled with the parameter C' it is difficult
to determine its accuracy. Changing the value of C' would change the amplitudes
of both the reflected and transmitted waves. An increase of C' would increase the
amplitude of the reflected wave and decrease the amplitude of the transmitted wave.
From this, it is concluded that there is a slight underestimation of the energy ab-
sorbed by the specimen, intuitively this would mean the specimen would not have
deformed enough, which is not the case if the previous discussion about the param-
eter A is true. Again, it is observed that the experimental setup has more loss of
energy than the modeled one.

The JC parameters B and n are even more challenging to evaluate as they are largely
affected by the value of A. Therefore it is reasonable to believe an improved method
of determining A, would provide usable values for the two remaining parameters.

As was shown in the results the comparison between experimental force-displacement
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data and simulated force-displacement data from the hydraulic tests showed a higher
force towards the end of the range of observed displacement. This could be due to
the specimens starting to show significant barreling and geometric effects affecting
the stress. Since the observed phenomenon is more prevalent for the dynamic com-
pressive tests, strain rate effects could be involved as the true strain rate of the
specimen would increase for the more compressed specimen. As this deviation is
present independent of strain rate, it is likely a combination of these reasons and
more than likely a modeled specimen specific behavior rather than a modeled ma-
terial specific behavior.

Looking into the experimental setups and how the results might have been affected
by them, there are several aspects to discuss, elastic deformation in the MTS setup,
friction at the specimen interface, strain gauge measurements and striker velocity in
the SHPB.

The elastic deformations in the hydraulic testing machine mainly affect the early
part of the load curve and have minimal impact on the measurements after the ini-
tial yield of the specimen. It does however limit the ability to confirm the Young’s
modulus of the material and would without the additional displacement gauge make
the measurement of total displacement less accurate. The displacement measure-
ment should however be sufficiently accurate to not noticeably alter the resulting
material parameters.

The variable input in the numerical SHPB model was, as previously described, the
striker velocity, which was used to match the incident wave amplitudes since there
were no measurements taken of the striker velocity. If the velocity would have been
measured the incident wave could be used as a reference as well as to eliminate some
uncertainties in the numerical model. The material parameters used to model the
bars could then be further evaluated, as well as the transfer of the waves between
them.

The specimen and data from the numerical model generally follow the expected be-
havior in comparison to the experiments. Some deviations between the numerically
modeled and experimental results have been noticed and connected to potential
causes, which could serve as areas for improvement in future work. As mentioned,
the JC parameter A limits the applicability of the parameter set, while the param-
eter C' seems to have been effectuated to a reasonable value, since the increasing
strain rate does not affect the fit between the model and experiments.

While comparing the SHPB experiments and the simulated curves, the modeled
transmitted wave fits well with the experimental curve through each test. This
proves some consistency of the results and acts as reassurance of the selected striker
velocities, which were chosen based on the incident wave amplitudes. The simulated
transmitted curve exhibits less fluctuations than the measurements, which could
either imply a more damping effect in the modeled specimen or that the strain
gauges show more fluctuations than what actually exist due to the rapid varia-
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tions in strain. Plastic deformation can cause more attenuation of the stress wave,
which is consistent with the measured specimen lengths. The deformation of the
specimens is almost consistently larger for the simulated specimen compared to the
experimental, meaning the simulated transmitted wave could have correctly been
more dampened while passing through the specimen. To further compare the fluc-
tuations in the data, looking at the incident waves, the severe fluctuations in the
experimental data could be contributed to measuring errors from the strain gauges.
Looking at the reflected wave in the incident bar, the large peak at the end of the
wave present in tests 1 and 2 strongly suggest some of the equipment in the first
full bridge strain gauge setup is contributing to the phenomena. Simultaneously the
expected experimental periodic fluctuations are not as easily distinguishable as they
are small and hidden among within the noise. The observed fluctuations makes it
more difficult to distinguish wave characteristics and leaves larger room for inter-
pretation of differences in wave amplitude, reducing the reliability of the results.
Capturing the wave behavior more accurately is necessary to evaluate and model
the high strain rate behavior. Fluctuations like those discussed above could lead to
incorrect assumptions, causing the wave amplitude to be under or overestimated.

One consistent difference between the experimental and modeled waves are the am-
plitudes of the reflected waves which are too high in the simulations. The amplitude
being too high means too much of the pressure wave was reflected at the interface
with the specimen. This is probably due to several causes. Firstly, the numeri-
cally modeled contact between the specimen and incident bar is undoubtedly more
consistent than in the experiments which may lead to less loss of energy. Secondly
it can be an issue with the obtained material parameter values. Too much wave
reflection could be due to the impedance difference of the bar and specimen, which
could either imply deviations in the assumed material parameters for the bar or the
specimen. If it is due to the specimen parameters, it could either be due to the
original assumptions of density and Young’s modulus or the changes determined by
the JC parameters.

As mentioned earlier in the discussion, there are indications of inadequate loss of
energy in the numerical model of the SHPB. One probable cause is friction between
the bars and their tracks. The bars should ideally slide without friction, but keeping
in mind that the incident bar has a small range of motion during the period of spec-
imen deformation, the loss should not be exceedingly large. The numerical model
was defined without friction along the bars as it would probably have caused more
issues than improvement due to the assumptions and estimations needed. Another
cause of energy loss could be the conditions of the tracks supporting the bars. If they
are not completely straight or leveled, some bending or misalignment might occur,
resulting in energy loss due to the pressure wave propagation or unideal transfer of
the wave in the contact area against the specimen.

The fluctuations and inaccuracies in the strain gauge measurements have been dis-
cussed, and now their potential sources of error will be covered. As previously
mentioned, the gauge configuration affects the accuracy level and self compensating
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properties, which would suggest more accurate results for the three first presented
SHPB tests, where the full bridge configuration was used. This is however is not
reflected in the obtained results, suggesting other disturbances in the setup. Since
the strain gauges are sensitive to the installation there is a possibility that some part
of the adhesive had failed. Loosening of the adhesive would not necessarily cause
fluctuation like the ones observed and is more likely due to sensitivities in the wiring.
If the strain measurements could be improved it would open up the possibility of
using the SHPB experimental results for the parameter optimization. As for now,
it will not be possible to create reasonable curves to use in the optimization process
and well motivate the needed filtering.

The setup of the numerical models is considered successful, showing consistency and
is well adapted to the experimental behavior. The optimization process appears to
perform well. However, it reveals the challenges of modeling a specimen experiencing
a yield drop with the JC model. The discussed experimental challenges influenced
the results, implying a need for improvements in future work. The discussed find-
ings highlight both the limitations and potentials of combining SHPB testing with
material characterization while studying high strain rate behavior.
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Conclusions

This thesis aimed to combine high strain rate experimental testing and numerical
modeling to obtain material parameter values for A36 steel using the JC model.
The objectives were focused on evaluating the ability of the method to predict the
behavior of A36 steel subjected to loading with different strain rates. This chapter
summarizes the findings and their implications and limiting factors.

The untypically low value of parameter A is not consistent with the majority of pub-
lished work. Due to the nature of the JC model the lower value is not necessarily
wrong since it is the combination of all material parameters that is considered, and
a low value of A can be counteracted by the other parameters allowing more defor-
mation hardening. For large deformations this can be sufficient, while for observing
smaller deformations the error will be comparatively larger. While the JC model
succeeded in capturing the strain rate dependence, the limitations are prominent.
The limitations could potentially be overcome by changing the optimization refer-
ence data to either include other physical properties, or more specifically choosing
the range of observed plastic deformation to start closer to the 0.2 % plastic strain
from the yield point definition.

The experimental results demonstrated some consistency in the measured strain be-
havior, but the fluctuations and noise resulted in an inability to fully utilize the data
since heavy filtering was difficult to motivate, as discussed in Chapter 7. Improving
the strain measurements and introducing direct measurement of the striker velocity
would give more reliable data to enable the SHPB experiments to influence the pa-
rameter optimizations.

The results in this thesis show both the strengths and limitations of this method,
and it demonstrates the possibility of combining numerical models with experimen-
tal testing during material characterization. It opens up to further research aimed
to improve the reliability of material modelling under dynamic loading condtions.
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Further research

To achieve a more useful set of parameters for the Johnson-Cook model to describe
A36 and other grades of steel under dynamic loading, further research is needed.
Based on the observations made during this thesis two suggested areas of improve-
ment are presented here.

The measurement methods during the Split Hopkinson Pressure Bar testing must be
improved to provide more consistent and disturbance-free data. Additional measure-
ment of the striker velocity or dynamic measurement of the specimen deformation
would provide more data points to be utilized during parameter optimization, how-
ever at the cost of simplicity.

From the discussion about the issues of fitting the experimental data to the Johnson-
Cook material model it would be of interest to examine alternative models. This
would be particularly useful if the model handles the transition from elastic defor-
mation to plastic deformation differently.
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