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Featured Application: The flange length-dependent stress transfer mechanism revealed in this
study may serve as a solid background for the design of the split Hopkinson tension bar
with a flange and hollow striker. Investigation of the transfer mechanism also reveals that
there exists a case where the superposed magnitude of the flange and bar waves is simply
the sum of the respective wave magnitudes, despite the area mismatch of the respective wave
medium, and no reverberation occurs as the flange wave enters the bar from flange structure.
This interesting phenomenon occurs if the flange wave arrives at the impact plane during
the period when the flange and bar waves are generated under the influence of the area mismatch.
This phenomenon is observed when the impact and reflection surfaces are close, which may also
serve as a basis for interpreting the wave interaction and its result (impact-induced deformation)
at regions near the free surface of a three-dimensional protective structure.

Abstract: To reveal the stress transfer mechanism of the flange in a split Hopkinson tension bar,
explicit finite element analyses of the impact of the hollow striker on the flange were performed
across a range of flange lengths. The tensile stress profiles monitored at the strain gauge position
of the incident bar are interpreted on a qualitative basis using three types of stress waves: bar (B)
waves, flange (F) waves, and a series of reverberation (R,) waves. When the flange length (L¢) is long
(i.e., L > Ls, where L is the striker length), the B wave and first reverberation wave (R;) are fully
separated in the time axis. When the flange length is intermediate (~D, < L¢ < Ls, where Dy, is the bar
diameter), the B and F waves are partially superposed; the F wave is delayed, then followed by a series
of Ry, waves after the superposition period. When the flange length is short (L < ~Dy,), the B and F
waves are practically fully superposed and form a pseudo-one-step pulse, indicating the necessity of
a short flange length to achieve a neat tensile pulse. The magnitudes and periods of the monitored
pulses are consistent with the analysis results using the one-dimensional impact theory, including
a recently formulated equation for impact-induced stress when the areas of the striker and bar are
different, equations for the reflection/transmission ratios of a stress wave, and an equation for pulse
duration time. This observation verifies the flange length-dependent stress transfer mechanism on a
quantitative basis.
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1. Introduction

The split Hopkinson bar [1] has been widely used for extracting material properties such
as the parameters of strain rate-dependent constitutive models [2,3] which, in turn, are used for
the simulation of high strain-rate events such as high-speed transportation crashes, high-speed
machining, rock/building blasts, blast impacts, earthquake impacts, ricochets and penetrations [4-7],
and explosions. While the original inception of the split Hopkinson bar was based on the compressive
mode [1,8-11], modifications have been made thereafter, including the split Hopkinson tension bar
(SHTB). The SHTB measures the stress—strain and strain rate-strain curves of versatile materials at
strain rates of approximately 400-2000 s~!. The specimen materials include metals, soft materials such
as foams and elastomers, and civil engineering materials [12,13] such as cement-based composites,
rocks, and (reinforced) concrete.

To obtain the tensile pulse in the SHTB, the technique using a hollow cylinder and flange is
probably the most widely employed [14—45]. The schematic of the SHTB system that employs a hollow
cylinder and flange is shown in Figure 1.

(a) Impact plane
L¢ / T
< > H s \ Strain gage
Flange pr \ ‘ «———  Striker | 1
Incident bar I D, u Incident bar
M—
&>
Flange \ L
structure Impact plane
(®)  Tensile pulse control Specimen geometry design
/ X Strain gage *\\ Strain gage
Flange ‘ ‘ ~ Striker +—— ‘ C JA e 1
) < 1 N ]
Incident bar _/;)L_ « [ —@- L= —CT—(:)L
— ) T .
‘ | | Transmitted bar

Gripping design
Figure 1. Schematic of: (a) hollow striker, flange, and incident bar (L¢: flange length, H: flange height,
Ts: striker thickness, Ls: striker length, Dy,: bar diameter, and V: impact velocity) and (b) the overall
SHTB system, where ¢}, €, and et denote the incident, reflected, and transmitted pulses, respectively,
with time ().

Briefly, the operation principle of the SHTB is sketched in Figure 1; the hollow striker impacts
the flange at velocities of approximately 10-30 m/s. Although the detailed stress transfer mechanism
is unknown (revealing the mechanism is the object of this study), it is generally believed that
the impact-generated compressive stress wave reflects at the rear (left) end of the flange structure to a
tensile stress wave. The reflected tensile wave then travels backwards through the flange structure
and enters the incident bar. When this tensile stress wave (ey; incident wave) reaches the right end of
the incident bar, where the specimen is attached, a part of the tensile stress wave is reflected back to
the incident bar as a compressive wave (er), while the rest of it passes through the specimen to enter
the transmitted bar as a tensile wave (eT).

The transmitted stress wave (e1) is measured using a strain gauge, from which the nominal
stress of the specimen (o) is obtained using Equation (1). The nominal strain rate (¢) and strain (&)
of the specimen can be obtained most accurately from images of the deforming specimen obtained
using an ultra-high speed camera and based on the digital image correlation method. Provided that
the designs of specimen geometry, gripping method, and tensile pulse shape are calibrated, the strain
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rate (¢) and strain (¢) of the specimen can be obtained from the reflected strain pulse (er) measured at
the incident bar using the strain gauge; Equations (2) and (3) are used for such purpose. In the case of
the split Hopkinson pressure bar (SHPB), Equations (2) and (3) use the reflected pulse (er) and are
generally employed to measure the nominal strain rate and strain of the specimen, respectively;

o(t) = (Aio)EogT(t), (1)
i(t) = —2(%)3R(t), o)

e(t) = —2(%) fo er () 3

In the above equations [1,8-11], A and L denote the initial cross-sectional area and initial length of
the specimen, respectively; A, and C, denote the cross-sectional area and sound speeds of the bar,
respectively; and ¢ is the time.

In an SHTB test, problems such as specimen design, gripping, and tensile pulse control [14-18]
require resolution (see Figure 1b). This study focuses on the tensile pulse control. Control of
the tensile pulse is necessary as a neat tensile pulse without any spurious pulses [18] should be
used as an incident tensile wave (). Otherwise, the eg and et waves originating from ¢ are hardly
unspoiled, thus preventing the extraction of the neat stress—strain and strain rate-strain curves from
the SHTB experiment.

The magnitude and shape of the tensile pulse generated by the transfer flange are governed by
many design parameters, such as flange height (Hy), flange length (L), striker thickness (Ts), and bar
diameter (Dy). In the literature [18], a flange length comparable to the bar diameter has been found
to be beneficial. However, the detailed mechanism of how the impact-induced compressive stress
is transferred to the tensile stress through the flange structure has not been explored. If the stress
transfer mechanism through the flange structure is uncovered, it may aid not only in understanding
the stress wave interaction in the SHTB system for design purposes, but also in designing various
impact protection structures.

Considering the above, this study investigates the stress transfer mechanism of the flange.
For this purpose, the pulse shapes at the strain gauge position of the incident bar are systematically
monitored across a range of flange lengths (from Dy, to 50Dy,), through an explicit finite element analysis.
The monitored tensile stress profiles are interpreted using the three types of waves proposed in this
paper: bar waves, flange waves, and a series of reverberation waves. Thereafter, the one-dimensional
theory of impact is employed to verify the interpretation, which establishes the flange length-dependent
stress transfer mechanism. A positive sign is assigned to the tensile property.

2. Methods

Explicit finite element analysis [46-49] was carried out using a commercial finite element package
(Abaqus/Explicit) [50] as the solver. The incident bar and flange of the SHTB were modelled as a
single-piece solid body without a specimen and transmission bar. The striker was modelled as a
separate solid body. The bar length, measured from the flange end (impact surface) to the free end for
specimen contact, was 2000 mm. The gap between the inner surface of the hollow striker and outer
surface of the bar was 0.01 mm. The striker was initially 0.1 mm away from the flange (impact surface).
The initial velocity of the striker was set as 15 m/s.

Two bar diameters (D) were considered: 10 and 20 mm. The flange heights (H¢) were 2.071
and 4.142 mm, respectively, to make the cross-sectional area ratios of the flange to bar unity for both
bar diameters (10 and 20 mm). To achieve a neat tensile pulse in the incident bar, the striker thickness
(Ts) was the same as the flange height (Hg) [18]; the cross-sectional areas of the flange (A¢) and hollow
striker (As) were the same. The case where Ag (=A¢) = 0.5A;, was also modelled, as a control case.
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Half of the two-dimensional axisymmetric geometry was modelled considering the symmetry
of the model. The geometry of the model was discretised using four-node bilinear axisymmetric
quadrilateral elements (CAX4R). When the mesh sensitivity was tested separately using mesh sizes less
than approximately 1 X 1 mm? (radial x axial dimensions), the stress profile monitored at the strain
gauge position exhibited no appreciable change. Based on this result (not shown here), the element
size of approximately 0.5 X 0.5 mm?

of the finite element model near the flange structure region is presented in Figure 2.
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Figure 2. Finite element model near the flange structure region for the case where As/A, = 1, As = Ag,
L¢ =20 mm, and D}, = 20 mm.

The kinematic contact condition was applied to the master—slave contact pair, set for the impact
surfaces of the striker and flange. Friction between the contact surfaces was not considered. The solver
utilises the central difference time integration method. To ensure solution stability, a stable time
increment for each time integration was calculated by the solver by considering the wave speed
and minimum element length.

While versatile bar materials such as magnesium, aluminium, titanium alloy, and steel are used
in contemporary SHTBs, steel was considered in this study. Although the properties of structural
steel vary depending on the type and manufacturer, their density, elastic modulus, and Poisson’s ratio
were selected arbitrarily herein by referring to the properties of various steel grades [51]: 7800 kg/m?,
210 GPa, and 0.3, respectively. Although the properties were selected as such, the conclusions drawn
out in this study based on the linear elastic analysis are believed to be applicable to the aforementioned
bar materials, as well [52]. As all parts of the SHTB model deform elastically, plastic deformation was
not considered.

In the post-processing stage, the axial stress component (oyy) in the incident bar was extracted
from a surface element at 1000 mm in the incident bar to avoid the interaction with the reflected wave
from the free end of the bar at the specimen side. In experiment setups, the axial strain is usually
measured at such a strain gauge position.

3. Results and Discussion

3.1. Stress Contours around Flange Structure

Contours of the axial stress component around the flange structure are shown in Figure 3 for
the finite element model presented in Figure 2. As can be observed in Figure 3a, shortly after the striker
impact (1.375 ps), both the compressive and tensile stresses form simultaneously in the flange
and incident bar, respectively. The compressive wave travels towards the left and right sides of
the impact plane. The tensile stress enters the incident bar portion from the moment of impact before
the impact signal reaches the left end of the structure, where the compressive stress reflects to a
tensile wave. Unlike the contour in Figure 3a (1.375 us), the contours at 3.392 ps (Figure 3b), 5.337 ps
(Figure 3c), and other later moments (not shown) are fairly complicated; the stress transfer mechanism
in the flange structure can hardly be investigated solely using such complicated contour diagrams.
Therefore, with the notion of the observation in Figure 3a, we investigated the mechanism using



Appl. Sci. 2020, 10, 7601 50f 15

the stress profiles monitored at the strain gauge position of the incident bar (next section), which is
usually measured experimentally.

Figure 3. Contours of the axial stress component (dyy) around the flange structure region for the finite
element model shown in Figure 2: (a) 1.375, (b) 3.392, and (c) 5.337 us after the striker impact. The unit
in the legend is Pa.

3.2. Stress Profiles at Strain Gage of Incident Bar

The stress profiles monitored at the strain gauge position in the incident bar over a range of
flange lengths (L) are presented in Figure 4. In Figure 4a (D}, = 10 mm; As/Ap = 1.0), the case where
L¢ = Dy, (black curve) yields a single (pseudo-one-step) tensile pulse starting at approximately 0.19 ms.
However, two-step pulses are monitored when 2Dy, £ L¢ £ 10Dy,. The reason for this observation is
explained below.

When 2Dy, £ L £ 10Dy, the first stress pulse rise is identical to that when L¢ = Dy, while the second
rise starts later (as L¢ increases). Focusing on the plateau region after the first rise in the stress signal,
the peaks and valleys in the plateau region are identical for different L¢ values before the second rise
starts. When the pulse duration ends, the tensile pulse also decays in a stepwise manner; such stepwise
decay starts later as L¢ increases.

When L¢ is 50Dy, (purple curve), two separate tensile pulses appear: the magnitude of the first
(marked as B) is smaller than that of the second (marked as R1). The definitions of these notations are
described in the next section. At a smaller L¢ value of 30Dy, (green curve), the two tensile pulses (B
and Rjp) are on the verge of separation.

In Figure 4b (Dy, = 20 mm; As/Ap, = 1.0), as L¢ increases up to 10Dy, the exhibited pulse magnitudes
are the same as those in Figure 4a (Dy, = 10 mm; As/Ay, = 1.0). However, at a given L¢ value (2D, £ L¢ £
10Dy,), the rise in the second step starts later in Figure 4b than that in Figure 4a. For the case where L; =
30Dy, (green curve), the first (B) and second (R1) tensile pulses have already separated; this observation
differs from the case in Figure 4a. When L¢ = 50D,, (purple curve), the starting time of the second
tensile pulse (Ry) is further delayed and superposed on the compressive pulse from the free end on
the right side of the incident bar.



Appl. Sci. 2020, 10, 7601 6 of 15

400
303.54 ——L,=1D,
1 e A ® Li=2D,
1 202.36 L,=5D
200 - pdpfippn to
= \
S ‘
S 1 N I
w |y WM s s R
& 0+
B
n
| @ J
[H) [ T=H=2017mm ]
-200 ‘ | D, =10mm ‘
1 [T |
I« L.~ 300 mm g (a) AJA,=1.0
-400 - : : : :
0.2 0.4 . 0.6 0.8
Time (msec)
(a)
400
200 —
/Ei\ ,,,,,
p-‘ .
2
72}
6 0+
B
)
1 : !
‘H@ [ T.=H;=4.142 mm |
-200 7 ‘ 1 Dy =20 mm ‘
1 [T |
| | —
; L.=300 mm | (b) A/A,=1.0
-400 ‘ : ‘ ‘
0.2 0.4 . 0.6 0.8
Time (msec)
(b)
400
200
<
n-‘ .
=S
@ |
60—+ !
5 B ‘
n ; 0.231 ms
} ' Ll' J
— L
[H) [ T.=H=2.017mm |
-200 N
D, =20 mm
1 [ |
| | =
‘ L =300 mm ‘ (c) A/A,=05
-400 ‘ T ‘ ‘
0.2 0.4 . 0.6 0.8
Time (msec)
©

Figure 4. Axial stress (dyy) profiles observed at the strain gauge position for a range of flange lengths
(L¢) at bar diameters (Dy,) of: (a) 10 mm (As = Ap), (b) 20 mm (As = Ayp,), and (c) 20 mm (Ag = 0.5Ay,).

The pulse shapes when D}, = 20 mm and As/Ap = 0.5 are presented in Figure 4c. The pulse heights
in Figure 4c are diminished compared with those in Figure 4b. The height reduction from 303.24 to
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202.36 MPa is explained on a quantitative basis later (see Section 3.4.1), using Equation (4). The rise
and decay of the pulses with time in Figure 4c are similar to those in Figure 4b.

3.3. Three Types of Stress Waves

To aid in the interpretation of the stress profiles shown in Figure 4, some terminology is defined,
first using the schematic of the flange/bar structure in Figure 5, which was originally prepared to
illustrate the three stress waves (B, F, and Rp) proposed in this study. The term “corner” is the right angle
between the impact surface on the flange and the outer surface of the bar. The “reference plane” refers to
the imaginary radial plane that passes through the impact plane (see Figure 1a). The “flange structure”
and “incident bar” are the structures on the left and right sides of the reference plane, respectively.
The critical plane (p.) is the nearest radial plane to the reference plane, after which a homogenised
stress state appears. The concept of a critical plane is based on Saint-Venant’s principle [53,54].

L
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Figure 5. B, F and R,, waves when the flange length is long (Lf > Ls). The solid arrows indicate
the waves in the current moment, whereas the dashed arrows describe their trajectories. For simplicity,
the R, waves in the flange structure are not shown (At: pulse duration period, C: speed of sound,
and SG: strain gage).

To interpret the monitored stress profiles in the incident bar, three types of stress waves are
proposed, as follows. When the hollow striker impacts the flange, the particles on the flange surface
(impact surface) move backwards and generate tensile stress on the right side of the reference plane
(i.e., in the incident bar, particularly near the corner region). In this study, this generated wave is
called the bar wave (B wave), as shown in Figure 5. The backward movement of flange particles
also generates compressive stress—referred to as the flange wave (F wave)—on the left side of
the reference plane (i.e., in the flange structure). According to Saint-Venant’s principle, both the B and F
waves are homogenised across the radial plane after travelling certain axial distances in the incident
bar and flange structure, respectively; the schematic of their critical planes are shown in Figure 5
(pcp and pf, respectively).

The compressive F wave is reflected at the rear end of the flange structure as a tensile wave,
followed by its arrival at the reference plane. When the F wave arrives at the reference plane,
the reverberation phenomenon is anticipated to occur as follows. If an elastic wave (e.g., the F wave)
approaches a stress-free interface (e.g., the stress-free reference plane), due to the mismatch in general
impedance [52,55], only a part of the stress wave is transmitted to the incident bar, while the rest is
reflected back to the flange structure. Accordingly, the residual F wave travels back and forth along
the flange structure (reverberation takes place), causing it to enter the incident bar multiple times. For
convenience, the magnitudes of transmitted waves into the incident bar in the first, second, and third
instances of reverberation are denoted as Rj, R, and Rj3, respectively. These reverberation waves are
simply denoted as R, waves. As shown in subsequent sections, there are cases where the F wave
simply enters the incident bar without reverberation and propagates towards the strain gauge.
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3.4. Stress Transfer Mechanism

3.4.1. Long Flange (L¢ > L)

The schematic of the three waves when the flange is long (L¢ > L) is shown in Figure 4. It depicts
that the arrivals of the R, waves are delayed as the F wave travels a longer distance. Consequently,
an overly long flange length certainly leads to separation of the succeeding R, wave from the preceding
B wave. According to the one-dimensional theory [52,55], the stress pulse length is 2Ls (600 mm)
and the travel distance in the flange structure is 2L¢. Therefore, if 2L¢ > 2Ls (L¢ > Ls), then the F and Ry
waves will separate. In view of this analysis, the long flange length in this study refers to the case
where L¢ > Ls.

For the case where D, = 10 mm (Figure 4a), the Ls value (300 mm) is 30Dy,. Then, a flange
length (L¢) of only 30Dy, results in the juxtaposition of the B and Ry pulses, as shown in Figure 4a,
where the B and Ry pulses for Ls = 30D}, (green curve) are on the verge of separation. When Dy, =20 mm
(Figure 4b,c), the Ls value (300 mm) is 15Dy,. Then, when L¢ = 30Dy, (green curve), two fully separated
pulses occur (Figure 4b,c).

Next, the magnitudes of the B and R, waves separated in the time axis are calculated. Note that
in Figure 4, the B and F waves simultaneously form and propagate in opposite directions. To obtain
the proportion at which the impact-generated stress separates into B and F waves, the overall magnitude
of the impact-generated stress itself should first be determined. For this purpose, a one-dimensional
equation [52] that was derived by considering the impact of a cylinder striker on a bar in the compression

mode is employed:
Zs

Zs+Zb

where o is the stress, p is the density, C is the sound of speed, z is the general impedance (ApC), V is
the impact velocity, and the subscripts b and s denote the bar and striker, respectively. The magnitudes
of the impact-generated stress obtained using Equation (1) when Ag/Ap, = 1.0 (Figure 4b) and 0.5
(Figure 4c) are 303.24 and 202.36 MPa, respectively, as indicated by the dash—dot horizontal lines.
The vertical positions of the drawn lines are consistent with the plateau height of the first tensile pulse
of the case where L¢ = Dy,.

To estimate the proportions of the B and F waves in the impact-generated stress magnitude,
the plateau heights of the B wave in the green curves (L = 30Dy) in Figure 4 are used as a reference
(at this point in this discussion, the numbers marked for the plateau of the B wave are unknown;
they are marked in the latter part of this paragraph). In Figure 4, the plateau heights of the B waves
appear to be approximately half of the first tensile pulse when L¢ = Dy,. Based on this observation,
the impact-generated stress by the striker—the magnitude of which can be calculated using Equation
(4)—is hypothesised to be equally divided between the B and F waves. Under this assumption,
the calculated magnitudes of the B and F waves are 151.77 (As/Ap = 1.0; Figure 4b) and 101.18 MPa
(As/Ap = 0.5; Figure 4c), respectively. The calculated half-magnitudes based on this hypothesis are
marked on the first pulse (B wave) of the green curves (L¢ = 30Dy,) using dash—dot horizontal lines.
The vertical positions of the drawn lines are reasonably consistent with the plateau height of the first
pulse (B wave), verifying the hypothesis that the impact-generated stress wave is equally divided
between the B and F waves. This hypothesis is further verified below.

Consider the case where only the F wave enters the reference plane after separating from
the antecedent B wave due to the long flange length. The ratios of reflection (R;) and transmission (R)
at a stress-free interface are given by [55]:

op = pCpV, 4

o ZLo—Zy

Re=2 = ,
r (of] Z1+ 27>

©)

(6)
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where the subscripts i, r, and t denote the incident, reflected, and transmitted waves, respectively;
and the subscripts 1 and 2 indicate the incident and transmitted wave media (flange structure
and incident bar), respectively.

Starting from an F wave magnitude of 151.77 MPa (i.e., the hypothesised value) in Figure 4a
(Dp =10 mm), the magnitudes of the first, second, and third waves transmitted into the incident bar
were calculated, using Equations (5) and (6), as 202.36, 67.45, and 22.48 MPa, respectively, as indicated
by the dash—dot horizontal lines in Figure 4a. In Figure 4a (D}, = 10 mm), the vertical positions of
the drawn lines are found to be consistent with the plateau heights of the first three R, waves on
the green curve (L¢ = 30Dy). In Figure 4b (D}, = 20 mm), the plateau height of the first R, wave (Ry)
on the green curve (L¢ = 30Dy,) is consistent with the drawn line at 202.36 MPa. Finally, in Figure 4c
(Dp = 20 mm; As/Ay, = 0.5), starting from an F wave magnitude of 101.18 MPa (hypothesised value),
the magnitude of the first R, wave (R1) was calculated to be 121.42 MPa. In Figure 4c, this value is
also consistent with the plateau height of the Ry wave for L¢ = 30Dy,.

The consistency of the various calculation results for the Ry, Rz, and R3 waves was verified in
the previous paragraph under the hypothesis that the impact-generated stress (303.54 and 202.36 MPa
for the cases where As/Ap = 1.0 and 0.5, respectively) is equally divided between the B and F waves.
Based on verification of the hypothesis, the tensile B and compressive F waves that simultaneously
form are interpreted to be the counterparts of each other across the impact plane; for instance, in the law
of action and reaction, if the B wave is the action, then the F wave is the reaction.

The interpretation that two separated pulses on the green curves (L¢ = 30Dy,) in Figure 4b or
Figure 4c (Dp = 20 mm) can be ascribed to the B and F waves in sequence can be verified from the view
of the time lag to the second pulse from the first one. According to Figure 5, the travel distance of
the F + Ry wave is longer than that of the B wave by 2L¢ (=60D},). The time lag of the F wave is then
2L¢/C, which is 0.231 ms. This time interval is marked on the green curve (L = 30D}) in Figure 4c;
the positioned mark is reasonably consistent with the time gap of the two separated pulses on the green
curve. This observation also verifies the interpretation that two separated pulses on the green curves
(Lf = 30Dy) are attributed to the B and F waves in sequence.

The duration period (At) of the separated B and F waves on the green curves (Figure 4b,c) should
be the same as that in the one-dimensional theory [52,55]:

At =2L¢/C, ()

which results in the duration period (At) of 0.116 ms. This time interval (0.116 ms) is marked on the F
wave in Figure 4c; this mark is reasonably positioned at the full width at half maximum (FWHM) of
the F wave. This mark is not marked on the B wave, as the same time interval (0.116 ms) was already
marked to the FWHM of the pseudo-one-step pulse in Figure 4c. If this mark for the pseudo-one-step
pulse is shifted to the left side a little bit, the mark can be reasonably positioned at the FWHM of the B
wave as well (not shown). Therefore, the pulse width of the fully separated B and F waves is also
consistent with the one-dimensional theory of impact.

3.4.2. Intermediate Flange (~Dy, < L¢ < L)

The Ls value (300 mm) corresponds to 30Dy, and 15Dy, for Dy, = 10 and 20 mm, respectively;
hence, this section for the intermediate flange length (~Dy, < L¢ < Ls) focuses on the stress curves for
L¢ = 2Dy, 5Dy, and 10Dy, in Figure 4b,c. The schematic of the B, F, and R, waves in this case is shown
in Figure 5.

In the case of a long flange (L; > Ls) where only the F wave enters the incident bar without
the influence of the B wave, the magnitude of the F wave is amplified according to Equation (4)
(The amplitude of the transmitted tensile wave is magnified as the reflected wave from the reference
plane is compressive. Particles move to the left direction at both the left and right sides of the reference
plane during the passage of the stress wave). If the F wave approaches the reference plane within
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At while the B wave is being generated, Equations (5) and (6) cannot be applied to the F wave;
these equations can only be applied to a case where a stress wave reaches a stress-free interface [52,55].
Figure 5 shows that, once the F wave meets the B wave at the reference plane (after they are
superposed), the plateau height in the superposition period appears to simply be the sum of the B and F
waves; the magnitude of the F wave is not amplified (i.e., it is not influenced by the area mismatch).
This phenomenon occurs because, according to Equation (4), the generation of the B wave (action)
and F wave (reaction) across the impact plane is governed by the cross-sectional area mismatch during
the pulse generation period. In other words, the B and F waves are simply superimposed while they
are being generated under the influence of the area mismatch (Equation (4)). Therefore, when the F
wave enters the reference plane within the pulse period (At), the superposed magnitude is simply
the sum of B and F waves, and no reverberation occurs. In such a case, the F wave is also defined in
the incident bar, as illustrated in Figures 5 and 6.
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Figure 6. B, F, and R,, waves when the flange length is intermediate (~D}, < L¢ < Lg). The critical plane
for the F wave (p. f) is positioned in the flange structure as L¢, which in this case, is also sufficiently long.

In the case, where the flange length is intermediate (L¢ = 2Dy, 5Dy, and 10Dy, in Figure 4), the first
and second wave increases in the stress signal are ascribed to the first-arriving B wave and later-arriving
F wave, respectively. Furthermore, a longer flange increases the travel distance of the F wave in
the flange structure, delaying the arrival time of the F wave. As a result, the second step starts later,
and the duration of the superposition decreases with the flange length. All these interpretations are
qualitatively consistent with the stress profiles shown in Figure 4.

In the numerical analysis, the same incident bar length (2000 mm) was considered for all flange
lengths. Therefore, the discretisation of the incident bar was identical for each FE model, whereas that
of the flange structure varies with different FE models, as they have different flange lengths. This is
why the average magnitudes, as well as the peaks and valleys of the first plateau region of the tensile
pulses (before the second rises) for different curves are identical, although these are from different FE
models with various L¢ values. The identical peaks and valleys verify that the B wave is generated at
the right side of the reference plane and travels alone in the incident bar.

After the superposition period, a plateau region which can be solely ascribed to the F wave appears
in Figure 4. This plateau is the un-superposed latter part of the F wave that approaches the reference
plane alone (i.e., without the influence of the B wave). This latter plateau period of the F wave decreases
with the flange length, as the arrival of the F wave is further delayed. After the superposition period is
over, the delayed F wave enters the incident bar for the first time to form the first-transmitted R (R1)
wave. Indeed, there are also second and third R, waves transmitted (i.e., Rz and R3, respectively) for
the intermediate flanges after the Rqy wave. The magnitudes of Ry, Ry, and R3 waves were previously
calculated when long flanges (L¢ = 30D},) were considered. The results are marked in Figure 4b
(202.36, 67.45, and 22.48 MPa) and Figure 4c (121.42 and 24.28 MPa), respectively.
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The magnitude of the pseudo-one-step pulse was checked in the previous section using Equation
(1). Its pulse duration period (At = 2Ls/C = 0.116 ms) is marked in Figure 4c. The calculated result
(mark) is reasonably consistent with the FWHM value of the pseudo-one-step pulse.

3.4.3. Short Flange (L < ~Dy)

The schematic of the B and F waves when the flange is short (L < ~Dy) is shown in Figure 7.
The travel distances of these waves in this case approximate each other, due to the short flange
length. The reflected F wave from the rear end of the flange reaches the impact plane a short time after
the waves (B and F) start generation from the moment of impact; the F wave from the flange end reaches
the impact plane at an early stage of the pulse generation period. The F wave from the flange end enters
the incident bar without reverberation, when monitored at the strain gage position, the following F
wave is practically fully superposed on the slightly prevenient B wave, resulting in a pseudo-one-step
pulse. This observation indicates the necessity of a short flange length from the viewpoint of obtaining
a neat tensile pulse.
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Figure 7. B and F waves when the flange length is short (L¢ < ~Dy), such that the critical plane for the F
wave (p. ) is positioned in the incident bar and not in the flange structure.

3.5. Owerall Discussion

The consistency of the pulse plateau magnitudes (Figure 4) and pulse duration periods (Figure 4c)
with the one-dimensional theory (Equations (4)—(7)) discussed in Section 3.4 verifies the flange
length-dependent tensile stress mechanism in Section 3.4 on a quantitative basis. The consistency
of the numerical analysis results (Figure 4) with the one-dimensional theory (Equations (4)—(7)) also
verifies the reliability of the numerical analysis (Section 2) carried out in this study.

The flange length-dependent stress transfer mechanism revealed above may serve as a solid
background for the design of SHTBs having a striker and flange. Investigation into the flange
length-dependent interactions of the F and B waves revealed that the superposed magnitude of
the F and B waves is simply the sum the respective wave magnitudes, despite the area mismatch of
the respective medium, and that no reverberation occurs as the F wave enters the bar from the flange
structure with a different cross-sectional area. This interesting phenomenon occurs if the F wave arrives
at the impact plane before the generation of F and B waves (which occurs under the influence of area
mismatch) is completed. This phenomenon is observed when the impact and reflection surfaces are
close, which may also serve as a background for interpreting wave interaction and impact-induced
deformation at regions near the free surface of a three-dimensional protective structure.
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4. Conclusions

The tensile stress profiles monitored at the strain gauge of the incident bar were interpreted
using three types of stress waves: bar (B) waves, flange (F) waves, and a series of reverberation (Ry)
waves. When the flange length (L¢) was long (L¢ > L; Ls is the striker length), the reflected F wave
from the rear end of the flange reached the impact plane after generation of the waves (B and F) at
the impact plane was completed. When the F wave entered the incident bar across the impact plane,
reverberation occurred in the flange structure due to mismatch of the general impedance at the impact
plane. When the signal was measured at the strain gauge position, the first reverberation wave (Ry)
was fully separated from the B wave in the time axis.

When the flange length was intermediate (~Dy, < L¢ < Lg; Dy, is the bar diameter), the reflected F
wave from the rear end of the flange reached the impact plane before the simultaneous generation of
the waves (B and F) was finished at the impact plane; this occurred during the period when the waves
(B and F) were being generated at the impact plane. In such a case, the F wave coming from the rear
end of the flange enters the incident bar across the impact plane without reverberation; the F wave is
simply superposed to the B wave which is being generated, and the superposed magnitude is simply
the sum of the interacting waves. When the signal was monitored at the strain gage position, a two-step
pulse appeared; the first step was the B wave and the second step was the superposed B and F waves.
The magnitude of the second step was twice that of the first step. When the superposition period
was over (i.e., when the pulse generation event was over), the rear part of the F wave that entered
the incident plane experienced reverberation.

When the flange length was short (Lf < ~Dy,), the reflected F wave from the rear end of the flange
reached the impact plane a short time after the waves (B and F) started generation from the moment
of impact; the F wave from the flange end reached the impact plane at an early stage of the pulse
generation period. As the F wave from the flange end entered the incident bar without reverberation,
when monitored at the strain gauge position, the following F wave was practically fully superposed
onto the slightly prevenient B wave, resulting in a pseudo-one-step pulse. This observation indicates
the necessity of a short flange length, from the view of obtaining a neat tensile pulse.

The magnitudes and duration periods of the pulse plateaus were also analysed using
one-dimensional impact theory, including a recently formulated equation for impact-induced stress
when the striker and bar areas are different (Equation (4)), equations for the reflection/transmission
ratios of a stress wave (Equations (5) and (6)), and an equation for the pulse duration time (Equation (7)).
Consistency of the observed pulses with the one-dimensional theory was found, which verified
the flange length-dependent stress transfer mechanism on a quantitative basis.

The flange length-dependent stress transfer mechanism revealed above may serve as a solid
background for the design of SHTBs. Investigation into the flange length-dependent interactions of
the F and B waves revealed that, if the waves are superimposed while they are being generated under
the influence of the area mismatch, the superposed magnitude is simply the sum of the interacting
waves, despite the area mismatch, and no reverberation occurred as the F wave entered the bar with
different cross-sectional area. This phenomenon observed when the impact and reflection surfaces were
close may also serve as a background for interpreting wave interactions and its result (impact-induced
deformation) at regions near the free surface of a three-dimensional protective structure.
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