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Abstract

In order to study the effect of the loading wedge length on the propagation behavior of
stress pulse in a Hopkinson bar loaded fracture test, non-uniform loading bars with differ-
ent wedge lengths of 0, 3, 15.5 and 40 mm have been machined from a certain rod. The
Hopkinson bar loading experiment is performed on one-bar/three-point bend fracture loading
system without the bending specimen to avoid the effect of specimen configuration on the
reflected pulse. The results indicate that the high-frequency oscillations of the reflected pulse
are enhanced and the rise time of the reflected pulse increased with increasing wedge length,
i.e. the dispersion effect becomes seriously with increasing wedge length. As a consequence,
the oscillations in the load-time curves determined using the incident and reflected pulses are
more severe for the wedge with larger length. The loading-point displacements calculated are
identical when the wedge lengths are 0 and 3 mm. Therefore, to decrease the effect of wedge
length on stress pulse propagation and to make the loading interface linear contact with a

specimen, the wedge length should be designed as small as possible.
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1. Introduction

Hopkinson pressure bar experimental techniques
have been extensively employed to investigate the
mechanical behavior of materials under high strain
rate, such as dynamic mechanical response under
tensile, compressive and torsion stress state [1]. How-
ever, the Hopkinson bar loading experimental tech-
nique that can be used to study various dynamic frac-
ture properties of materials under a stress-intensity
factor rate ~ 10° MPa m!/? s~' are still being
developed [2-8]. The one-bar (one incident loading
bar)/three-point bending (3PB) impact setup [9-16]
is currently the most popular setup used to determ-
ine the dynamic fracture toughness of materials under
stress wave loading, since this loading configuration
has some advantages: (1) the loading rate acquired in
such one-bar/3PB loaded fracture test is higher than
that in Charpy impact test [17-26]; (2) the dynamic
response of fracture specimen can be determined via

strain signals recorded by the strain gauges mounted
on the loading bar; and (3) a relatively large fracture
specimen can be used for measuring the valid plane
strain fracture toughness [1, 27-28]. In such a one-
bar/3PB fracture test, in order to enable the loading
bar to remain linearly in contact with the 3PB frac-
ture specimen throughout the dynamic fracture test,
the loading bar is usually machined to wedge-shaped
impactor, rather than a flattened end impactor, which
is similar to quasi-static loading configuration [29],
thus, the cross-section of the loading bar is not uni-
form throughout the bar. It is well known that in the
Hopkinson bar loaded fracture test, the incident pulse
is generated by shooting the striker bar from a gas-
gun and the pulse propagates along the loading bar
towards fracture toughness specimen, when it reaches
the interface between the end of the loading bar and
fracture specimen, part of the incident pulse is reflec-
ted back into the loading bar and remainder is trans-
mitted through the specimen to load the bending spe-
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cimen to fracture. As a matter of fact, part of the
incident pulse starts to reflect back early due to the
wedge-shaped end of the loading bar. Before the incid-
ent pulse reaches the interface between the end of the
loading bar and the 3PB fracture specimen, i.e., when
the incident pulse just encounters non-uniform section
of loading bar, the incident pulse reflection occurs, im-
plying that some of the pulses is reflected from the
non-uniform wedge-shaped section, rather than from
the interface. Therefore, apart from the effect of the
incident pulse that is related to the length, velocity
of striker bar and pulse-shaping; the amplitude, dur-
ation and characteristics of the reflected pulse are af-
fected by the wedge-shaped end of the loading bar.
This is because in the one-bar/3PB fracture test, the
incident and reflected pulses are only two strain sig-
nals recorded by the strain gauges mounted at the
midpoint of the loading bar [10, 13, 14, 16]. Using
these two stress pulses, the dynamic load and loading-
point displacement of the fracture specimen are de-
termined and employed for calculating the dynamic
stress intensity factor [5]. Combined with the crack
initiating time of fracture specimen detected using an
adequate method, the dynamic fracture toughness is
then measured using above-mentioned procedure [7-8,
14]. It is clear that the accuracy of the measurement
of dynamic fracture toughness is influenced by the dy-
namic stress intensity factor determined by two global
mechanic parameters: dynamic load and displacement.
These two necessary parameters are directly depend-
ent upon the incident and reflected pulses. As a con-
sequence, the configuration of loading bar end has a
significant effect on the reflected pulse characterist-
ics, dynamic load, displacement and stress intensity
factor and dynamic fracture toughness as well. There-
fore, the study associated with the effect of the load-
ing bar end configuration on stress wave propagation
behavior is a critical issue and attracted numerous re-
searchers who performed such studies using the exper-
imental investigation [12, 31-32, 36, 38—39], numerical
simulation [11], or theoretical analysis [33-35, 37]. For
example, Singh and Parameswaran [31] studied the
stress-pulse dispersion caused by the rounded end of
incident bar throughout experiments, and their res-
ults indicated that the wave dispersion was related
to the length of the rounded end and the longitud-
inal pulse velocity in the elastic bar. Bacon et al. [11,
38-39] analyzed the effect of non-uniform end of in-
cident bar on pulse distortion using both numerical
simulation and experimental method, and they con-
cluded that the stress pulse distortion was influenced
by the rise time of the incident pulse and the length
of the non-uniform section of incident bar. The wave
dispersion generated by the non-uniform end section
of the incident bar could be minimized by an incid-
ent pulse with a relatively long rise time. Zou and
Qu [32] used numerical simulation method to invest-

igate the effect of the shaped end of the incident bar
on the reflected pulse and found that the dispersion
of the stress pulse could be controlled via changing
the length, angle, and diameter of the incident bar
end. Goldsmith et al. [35, 37] experimentally studied
the behavior of the elastic waves in truncated 2024
aluminum cones with different apex angles. Their res-
ults demonstrated that the truncated cone increased
the peak stress at the truncated section and the in-
crement was dependent upon both the cone angle
and the length of the end section. Landon et al. [36]
investigated the propagation of a compressive wave
along a coned bar. Their results revealed that there
was a negative tail to the wave. Ruiz et al.’s res-
ults [12] demonstrated that the rise time of the re-
flected pulse was significantly influenced by the al-
teration of wedge configuration. Suh [33] investigated
the propagation behavior of compressive pulse when
it propagated in a truncated cones bar against a ri-
gid wall, and confirmed that high-frequency oscilla-
tions occurred at the end of reflected pulse, the amp-
litude of reflected pulse was found to decrease with
increasing cross-sectional diameter of the cone. The
propagation behavior of the elastic wave on the bars
with various cross-sections such as round [11, 31, 38,
39], conic [34-37] and wedge [12, 32, 33] has been in-
vestigated numerically and experimentally until now.
Since the conclusions drawn from the previous stud-
ies seem to be ambiguous, it is therefore essential to
further study the propagation behavior of the stress
wave in the loading bar with non-uniform section and
its effect on the determination of dynamic loading,
displacement and dynamic stress intensity factor. Re-
gardless of one-bar/3PB, two-bar/3PB [40] and three-
bar/3PB [41], the reflected pulse is influenced by the
wave reflection in the non-uniform section of the load-
ing bar end, while in different Hopkinson bar loading
configurations, the methods to determine load and dis-
placement are different. In two-bar/3PB setup [1], the
dynamic load and displacement are determined inde-
pendently using transmitted and reflected pulses; how-
ever, these two global mechanical parameters are cal-
culated using both the incident and reflected pulses in
one-bar/3PB loading system. Accordingly, the effect
of the non-uniform section of the loading bar on the
dynamic fracture parameters varies in different load-
ing configurations.

It has been well-known that the non-uniformity of
loading bar influences the reflected pulse character-
istics, and in return influences the dynamic load and
displacement, stress intensity factor, and finally causes
a relatively large error in dynamic fracture toughness
measurement. Therefore, in order to design and fabric-
ate the optimized configurations of the wedge-shaped
loading bar for enhancing the accuracy of dynamic
fracture toughness in the one-bar/3PB fracture test,
the propagation behavior of the stress pulse on the
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Fig. 1. The tested apparatus of Hopkinson bar: (a) The dynamic fracture tested apparatus of a one-bar/3PB experimental
setup; (b) The Hopkinson bar without 3PB fracture specimen.

wedge-shaped loading bar needs to be investigated ex-
perimentally.

2. Experimental and numerical simulation
details

To eliminate the influence of the stress pulse re-
flected from the interface between loading point and
the impact face of the 3PB specimen when analyz-
ing the effect of the wedge-shaped end of the loading
bar on stress propagation behavior on the bar, dy-
namic impact tests were performed on a one-bar/3PB
loading system without the fracture specimen, such
that only the effect of the stress wave reflected from
the non-uniform section of the wedge-shaped bar can
be considered as a key influence factor in this work.
As can be seen in Fig. 1, a modified Hopkinson pres-
sure bar loaded dynamic fracture experimental appar-
atus mainly consists of the striker bar, wedge-shaped
loading bar, support and data acquisition system. A
thin grease foil is placed on the impact surface of the
loading bar as a pulse-shaper to minimize the high-
frequency oscillations in the stress pulses.

In one-bar/3PB fracture test, the incident e(¢),
reflected g (t) pulses are recorded by a pair of strain
gauges mounted at the midpoint of the loading bar,
and the dynamic load and loading-point displacement
are determined using these two stress pulses in terms
of one-dimensional stress wave theory as follows [30]:

P(t) = EAler(t) + er(t)), (1)

5(t) = / cler(t) — en(t)ldr, (2)

where FE is the Young’s modulus, A is the cross-
sectional area of a loading bar, c¢ is the longitudinal
pulse velocity. It is obvious that the accuracy of the
dynamic load and loading point displacement are dir-
ectly related to the incident and reflected pulses. The
amplitude, duration and characteristics of the incident
pulse are mainly dependent upon the length, velocity
of the striker bar, and pulse shaping, while the re-
flected pulse is related to not only above factors that
affect the characteristics of the incident pulse but also
the geometry of loading bar end. As aforementioned,
the wedge shape of the loading bar has an evident ef-
fect on propagation behavior of the reflected pulse. If
the effect of wedge length on the reflect pulse is neg-
lected, a relatively large error in the determination of
the dynamic load and loading point displacement and
the dynamic fracture toughness will be caused.

In order to investigate the effect of wedge length
on the propagation behavior of the reflected pulse,
the dimension of the striker bar is fixed to be
¢14.5 mm x 290 mm, the diameter of the loading bar
is also ¢14.5 mm, while the lengths of wedge are ma-
chined to be 0, 3, 15.5 and 40 mm from the same rod
with 806 mm length, (Fig. 2). To eliminate other influ-
enced factors created in the fabrication of the wedge-
shaped bars with different wedge length and the in-
stallation of the strain gauges on a newly-machined
bar, we fabricated the loading bar with various wedge
lengths from the same high strength steel rod. Firstly,
the experiment was performed using the loading bar
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Fig. 2. Schematic diagram of the four wedge lengths used
in this work: (a) 0 mm; (b) 3 mm; (¢) 15.5 mm; and (d)
40 mm.

with 0 mm wedge (plane end), and then using the bar
with 3 mm wedge that was directly machined from
the used loading bar with 0 mm wedge. Similarly, the
rest of experiments were conducted using the bar with
the wedge lengths of 15.5 and 40 mm. For all experi-
ments, the incident and reflected pulses were obtained
by a pair of strain gauges that are glued to the middle
place of loading bar with a distance of 403 mm from
the wedge end, so that the total length of the loading
bar and the location of the strain gauges on the bar
are all fixed for the four wedge lengths. The variations
of the reflected pulse are therefore considered to be a
result created by the lengths of the wedge-shaped end
of the loading bar.

3. Results and analysis
3.1. Experimentally recorded pulses

Both incident and reflected pulses recorded from
the tests performed using four loading bars are shown
in Fig. 3. It is noted that the amplitude, duration and
high-frequency oscillations of the incident pulse ob-
tained experimentally are almost identical for the four
loading bars with different wedge lengths (Fig. 3a),
since the characteristics of the incident pulse are only
dependent upon the velocity and length of the striker,
and pulse shaping, as pointed out previously. How-
ever, the features of the reflected pulses are differ-
ent, particularly in the initial time of reflected pulse.
To clearly show the alteration of the reflected pulse
obtained from the loading bars with different wedge
lengths, the initial period of the reflected pulses is
replotted as a function of time on a relatively large
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Fig. 3. The original incident and reflected pulses obtained

from the loading bars with four wedge lengths. Here the

stress pulses are recorded by one pair of strain gauges

mounted at the fixed location on the loading bar: (a) the

original stress pulses; (b) initial portion of the reflected
pulse a large scale in both X and Y axis.

scale in X and Y axis, as shown in Fig. 3b. It can
be found the rise time of the reflected pulse increases
with increasing wedge length. The rise times of the
reflected pulse can be directly determined in terms of
the reflected pulses as shown in Fig. 3b, detailed meas-
urement results for the four wedge lengths are given
later in section 4 of this work. Additionally, from the
comparison between the high-frequency oscillations in
the incident and reflected pulses, it can be found that
oscillation amplitude of the reflected pulse is greater
than that of a corresponding incident pulse. It is well
known that the incident and reflected pulses always
have some high-frequency oscillations using loading
bar without non-uniform section, which is called dis-
persion effect, see the stress wave of the wedge length
~ 0 mm in Fig. 3a, while the dispersion effect in-
creases with increasing wedge length. For example, in
the case of the wedge length of 40 mm, the oscilla-
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tion amplitude of the reflected pulse is nearly twice
as that of the incident pulse. The bigger the length of
the wedge is, the larger the high-frequency oscillations
and the rise time of the reflected pulse are. Obviously,
the difference in wedge lengths is for such variations
in rise time and high-frequency oscillation amplitude
of the reflected pulse. It should be recognized that al-
tering the reflected pulse affected the dynamic load
and loading-point displacement determined by Egs.
(1) and (2); since the incident pulses from the four
loading bars are identical, the variations of the dy-
namic load and loading-point displacement are mainly
dependent upon the behavior of the reflected pulse.

As can be seen in Fig. 3a, the experimental results
indicate that the initial oscillation amplitude of the re-
flected pulse is higher than that of the incident pulse.
Generally, the high-frequency oscillations in the incid-
ent pulse are reflected in the reflected pulse [1], i.e. the
amplitude of the oscillations in the reflected pulses is
dependent upon the oscillations in the incident pulses.
However, in the wedge-shaped loading bar, it is also
related to the wedge lengths. Goldsmith et al. [35, 37]
used the initial pulse to predict the surface response
in the truncated 2024 aluminum cones with different
apex angles followed by the one-dimensional equation
of elastic wave propagation in a cone of infinite length.
Their results indicated that the peak stress increased
with increasing cone angle and length of the end sec-
tion, and reasonable agreement was found between the
experimental data and those of calculations based on
the analysis. According to the results of Goldsmith et
al. [35, 37], it can be concluded that the amplitude
of the reflected pulse increases with increasing wedge
length. Therefore, the initial oscillation amplitude of
the reflected pulse is higher than that of the incident
pulse.

3.2. Effect of wedge length on the rise time of
reflected pulse

As can be seen in Fig. 3, the interval time between
the pulse beginning point of incident and reflected
pulses for four wedge lengths are ~ 155.4, ~ 154.8,
~ 152.6, ~ 150.8 s, respectively. And according to
one-dimensional stress theory, it is well-known that
the longitudinal stress wave is calculated using the
equation C = /E/p = 5189 m s~! (E = 210 GPa,
p = 7800 kg m~3) in loading bar made of steel mater-
ial. Therefore, from above data, it can be computed
the position where the incident pulse begins to reflect
in the non-uniform section (listed in Table 1) [42].
The results are listed in Table 1. Table 1 shows that
the reflected position increases with increasing wedge
length.

It has been demonstrated [1] that the rise time of
the reflected pulse is a key parameter, which plays
an important role in stress state equilibrium in two-

Table 1. Reflected position from the apex of wedge

Wedge length (mm) 0 3 155 40

Position from the apex of wedge (mm) 0 1.5 6.6 11.7

bar/3PB Hopkinson bar fracture test, so does in one-
bar/3PB fracture test when determining the dynamic
load and loading point displacement. Once the incid-
ent pulses are given, the rise time, amplitude and dur-
ation of the reflected pulses are the key factors that
affect the dynamic fracture parameters, and it is there-
fore, essential to analyze the effect of the wedge length
on the rise time of the reflected pulse and on the dif-
ference between the rise times of the incident and re-
flected pulses. The rise times of the reflected pulses for
the four wedge lengths are calculated based on the res-
ults given by experimental data (Fig. 3b). Similarly,
the rise time of the incident pulses can be determ-
ined, thus the difference between the rise times of the
reflected and incident pulses, At,, is calculated as

Atu =tru — tiu7 (3)

where ¢, and ¢, are the rise times of reflected and
incident pulses, respectively, and are determined from
the experimental results. Figure 4 shows the variation
of the difference of the rise time as a function of wedge
length, it is noted that except for the case that the
loading bar end is plane (without wedge), the variety
of determined rise time of the reflected and incident
pulses is greater than that by the numerical simula-
tion, while both the variations demonstrated that the
rise time difference increases with increasing wedge
length, implying that the influence of the wedge length
on the dynamic load and loading-point displacement
determined via Egs. (1) and (2) increases with increas-
ing wedge length.

As can be seen in Fig. 4, for the case of the loading
bar with plane end (wedge length of 0 mm), the res-
ults demonstrated that the rise times of the reflected
and incident pulses were almost identical, the differ-
ence between the two rise times is zero. This can be
interpreted as: when the incident pulse propagates to
loading bar end without wedge (it is a free end when
the fracture specimen is absent), mechanical imped-
ance suddenly drops to zero and the incident pulse
is completely reflected as a tensile stress at the free
end. However, for other three loading bars with differ-
ent wedge lengths, mechanical impedance gradually
decreases along the wedge length. When the incident
pulse propagates to wedge section, a part of the incid-
ent pulse is reflected, and the remainder continues to
propagate towards to the apex of the wedge. During
the propagation of the rest of the incident pulse, the
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Fig. 4. Variation of the difference in rise times of the re-
flected and incident pulses as a function of wedge length.

wave reflection continuously occurs with the decrease
of the mechanical impedance due to the alteration of
the cross-section area of the wedge-shaped end. Com-
pared to the incident pulse, the rise time of the re-
flected pulse is large and its slope becomes smaller.
It is concluded that the longer the wedge length is,
the slower the mechanical impedance changes and the
bigger is the rise time of the reflected pulse.

3.3. Effect of wedge length on load and
displacement response

To quantitatively analyze the variation of oscil-
lations in the reflected pulse created by the wedge-
shaped end of the loading bar, the parameter A is used
to represent the variation of oscillation amplitude of
the reflected pulse, which is defined as:

A — Symax T Ermin 440 %, (4)
5ra

where €, is the average amplitude that is correspond-
ing platform of the reflected pulse, eymax and epmin
are the maximum and minimum amplitudes of oscil-
lations of the reflected pulse, respectively, which are
determined from the stress pulses (Fig. 3). Figure 5
shows the variation of oscillation amplitude of the re-
flected pulses as a function of time for the loading bars
having various wedge lengths. It is clear that the vari-
ation of oscillation amplitude of the reflected pulses
determined increases with increasing wedge length.
Theoretically, the wedge section can be considered
as a step bar consisting of a series of different cross-
sectional areas [43]. When incident compressive pulse
propagates from the root of wedge (intersection with
cylinder of loading bar) to its apex, it passes through
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Fig. 5. Variation of oscillation amplitude of the reflected
pulses as a function of wedge length.

each cross section with given areas (area of n-th cross
section is assumed as A,,) and intensity of transmitted
24,
An + An—i—l
as the former (here A,;; is the area of (n+1)-th
cross section), meanwhile, a tensile pulse is reflected.
Predictably, as incident compressive pulse propagates
along the wedge to the apex of wedge, the amplitude
of stress in compressive zone at pulse front will become
larger and larger, and the amplitude of tensile pulse
in tensile zone that is created following the compress-
ive zone also becomes larger and larger [35, 37]. At
the same time, some regions of the wedge section are
in compressive stress state, and others are in tensile
stress state. With the time passing, there is an altern-
ation between compressive and tensile stress states in
the same region. Therefore, during the propagation
of the stress wave across the wedge-shaped end, the
stress distribution along the wedge length is in a non-
uniform state, the non-uniform stress state surely cre-
ates an evident effect on reflected pulse. Obviously,
such an effect is dependent upon the wedge length.
As demonstrated previously in this work, the re-
flected pulse is influenced by the wedge length; the dy-
namic load is therefore affected by the reflected pulse,
as there is a direct linear relationship between dy-
namic load and the reflected pulse as shown in Eq. (1).
The effect of the wedge length on the dynamic load re-
sponse can be found in Fig. 6, in which the variation
of the applied dynamic load as a function of time is
shown. Clearly, the peak load varies as a function of
wedge length, and it increases with increasing wedge
length, the loading bar with wedge length of 40 mm
has a maximum load compared to others. For the case
of the loading bar without wedge, theoretically speak-
ing, there should be no oscillations in load-time re-

compressive pulse will increase to times
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Fig. 7. Variations of the loading point displacements given
by Eq. (2).

sponse curve created, while the oscillations with rel-
atively large amplitude are still seen at the initial time
of the load vs. time response, which are Prochhammer-
Chree oscillations [8], the inherent nature of the stress
wave propagation along the elastic bar even in pulse-
shaped Hopkinson bar test.

The loading-point displacement can be experi-
mentally measured using the incident and reflected
pulses via Eq. (2). For comparison, the loading-point
displacements determined are plotted as a function of
time in one graph for each wedge length in Fig. 7.
Clearly, the results demonstrated that the loading-
point displacements for the wedge lengths of 0 and
3 mm are identical while the displacements determ-
ined from other wedge lengths deviate from that for

wedge length of 0 mm with increasing time. For the
wedge lengths of 15.5 and 40 mm, the loading-point
displacements are both smaller compared to the wedge
lengths of 0 and 3 mm. It can be concluded that if the
wedge length is machined shorter, the results will be
more accurate.

4. Conclusions

In order to thoroughly understand the effect of
wedge length of loading bar on the propagation beha-
vior of the stress-pulse in non-uniform section (wedge),
and on the dynamic load and loading-point displace-
ment, dynamic fracture experiments without 3PB
fracture specimen were performed in one-bar/3PB
fracture tests, the conclusions drawn from this work
are as follows:

1. The high-frequency oscillations of the reflected
pulse are enhanced intensely due to wedge shaped end
of the loading bar, and the oscillation amplitude in-
creases with increasing wedge length, which influences
the dynamic responses of the load and loading-point
displacement that are dependent upon the incident
and reflected pulses. That is to say, the wedge length
affects the stress pulse propagation, which brings
about the dispersion effect on the reflected pulse;

2. The rise time of the reflected pulse is greater
than that of a corresponding incident pulse for each
wedge length. The rise time of the reflected pulse and
difference between the rise times of the incident and
reflected pulses increase with increasing wedge length;

3. The loading-point displacements for the wedge
lengths of 0 and 3 mm are identical while a relat-
ively large deviation in loading-point displacements is
found for the wedge lengths of 14.5 and 40 mm. There-
fore, to decrease the effect of wedge length on stress
pulse propagation and make the loading interface lin-
ear contact with a specimen, the wedge length should
be designed as small as possible.
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