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Abstract: In automobile accidents, abdominal injuries are often life-threatening yet not apparent
at the time of initial injury. The liver is the most commonly injured abdominal organ from this
type of trauma. In contrast to current safety tests involving crash dummies, a more detailed,
efficient approach to predict the risk of human injuries is computational modelling and simulations.
Further, the development of accurate computational human models requires knowledge of the
mechanical properties of tissues in various stress states, especially in high-impact scenarios. In this
study, a polymeric split-Hopkinson pressure bar (PSHPB) was utilized to apply various high strain
rates to porcine liver tissue to investigate its material behavior during high strain rate compression.
Liver tissues were subjected to high strain rate impacts at 350, 550, 1000, and 1550 s−1 . Tissue directional
dependency was also explored by PSHPB testing along three orthogonal directions of liver at a strain
rate of 350 s−1 . Histology of samples from each of the three directions was performed to examine the
structural properties of porcine liver. Porcine liver tissue showed an inelastic and strain rate-sensitive
response at high strain rates. The liver tissue was found lacking directional dependency, which could
be explained by the isotropic microstructure observed after staining and imaging. Furthermore,
finite element analysis (FEA) of the PSHPB tests revealed the stress profile inside liver tissue and
served as a validation of PSHPB methodology. The present findings can assist in the development
of more accurate computational models of liver tissue at high-rate impact conditions allowing for
understanding of subfailure and failure mechanisms.
Keywords: soft tissue; liver; high-rate compression; polymeric split-Hopkinson pressure bar; finite
element modeling

1. Introduction
The liver is the most frequently injured intra-abdominal organ because of its location within the
abdomen and its fragile material properties [1]. In 2007, 1.7 million car accidents in the United States
resulted in injury (National Highway Traffic Safety Administration) with the liver being one of the
most commonly injured abdominal organs from motor vehicle accidents [2,3]. Efforts to determine the
optimal safety measures for automobile-related accidents have largely relied on crash dummies, which
have significant limitations in recapitulating injury impact to humans [4]. Since the 1970s, there have
been no substantial changes in assessing injury. Injury assessment reference values (IARVs) proposed
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by General Motors for dummies in crash tests were determined via force and acceleration calculations
and defined a tolerance level of 5% significant injury risk of various organs [5,6]. An improved, more
cost-effective alternative to assess organ damage during car crash situations is the development of
computational models that represent the human body and more accurately predict the risk of human
tissue/organ injuries. Recent work in developing a geometrically correct “virtual human” has been
performed with the goal of measuring bodily trauma in automobile accidents [7–10].
Besides an anatomically relevant mesh, the development of a biofidelic computational model
requires knowledge of the mechanical properties of many human tissues and organs under different
loading conditions, especially in high-impact situations. Quasi-static biomechanical characterizations
of soft tissues have been performed since the 1970s to determine the mechanical properties of various
tissue types; however, regarding the response of tissues that may be subjected to high-impact situations
such as automobile accidents, sport injuries, and blunt trauma, these quasi-static tests are limited and
cannot be extrapolated to high-rate applications. Mechanical testing therefore must be performed at
higher strain rates to properly describe the tissue’s response during blunt force impacts [11,12].
A standard protocol has not been well established for high strain rate mechanical testing on
liver tissues. Sparks et al. customized a drop tower in which a weight was dropped onto a whole
human liver organ, resulting in average strain rates up to 62 s−1 [13]. Others have used indentation
instruments to generate strain rates up to 200 s−1 [14,15]. This study considered the split-Hopkinson
pressure bar (SHPB) apparatus in an effort to establish a methodology of high strain rate testing of
soft tissues. The SHPB apparatus has the ability to apply compressive stresses at high strain rates
(100–10,000 s−1 ) [11] and has been widely applied in testing of metals and inorganic polymers [16,17].
Elastic wave propagation in the SHPB system can be analyzed based on the principle of superposition
of waves and the elastic wave propagation theory of classical mechanics. As a result, the stress, strain,
and particle velocity can be estimated by analyzing the incident wave and the reflected wave at any
cross-section [18].
When the SHPB is used for testing soft tissues, many issues must be considered to generate
consistent and accurate data. The mechanical impedance of soft materials is extremely low compared
to conventional metallic bars and, therefore, confound proper interpretation of the data. Incorporation
of polymeric bars into the SHPB setup has allowed for testing of soft materials such as rubber and
biological tissues, of which the acoustical impedance matches more closely with that of the softer
polymeric bars. Unlike conventional metallic bars, polymeric bars do not impede wave translation
and enable a smooth translation of energy generated by the impact of the incident bar and the soft
specimen; this results in smoother, more noise-free curves [12]. A few groups have applied the SHPB
apparatus for soft tissue biomechanics experimentation. For example, Song et al. tested porcine
muscle along two perpendicular directions at dynamic strain rates up to 3700 s−1 using the SHPB
apparatus. They found that both directions showed a nonlinear, strain rate-dependent behavior [12].
Similarly, Van Sligtenhorst et al. used a polymeric SHPB apparatus to obtain the mechanical response
of bovine muscle at strain rates up to 2300 s−1 [11]. As they varied strain rates, they observed strain
rate dependency. Recently, Pervin et al. used an aluminum SHPB apparatus to evaluate bovine liver
tissue at strain rates ranging from 1000–3000 s−1 , and they also found the tissue to exhibit a nonlinear,
strain rate-dependent response [19].
The objective of the present work is to investigate the tissue behavior of porcine liver at high-rate
impacts using a custom-made PSHPB coupled with finite element analyses. The protocol for testing
soft biological materials using PSHPB has been adopted from previous studies [18,20,21]; however,
the protocol for procuring and preparing porcine liver samples was developed in-house. Both
experimental results and computational simulations of liver tissue under high strain rate conditions
will provide the framework to be incorporated into a human model. This model in the future will be
implemented to optimize the automobile safety measures to reduce the risk of human injuries and
death in high-impact situations.
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Porcine livers from healthy adult pigs were obtained from a local abattoir (age range: 6–9
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months;
weight range: 250–350 lbs.; sex: male). The specimens were stored in phosphate-buffered
saline (PBS) (Sigma-Aldrich, St. Louis, MO, USA) at 4 °C soon after extraction and were transported
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Figure 1. Three orthogonal directions (1, 2, and 3) based on porcine liver anatomy. Representative
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As the striker bar impacted the incident bar, a compressive wave (incident wave) was generated
and propagated down the incident bar where it reached the specimen, which caused compression of

along the bars; and (v) strains measured at the surface of the bars are indicative of those throughout
the cross-section [26]. The theory behind the SHPB setup and the constitutive true stress–strain
relationship of the sample deformation is briefly discussed in Appendix A. The experimental setup
also included a laser speed meter for monitoring the incident bar speed and DAQ modules for data
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through the specimen and into the transmitted bar (Figure 2b). The incident, reflected, and transmitted
waves were measured by two strain gauges—one gauge on both the incident and transmitted bars.
The PSHPB experimental setup was based on the following assumptions: (i) the specimen undergoes
uniform and uniaxial stress during deformation; (ii) the incident and transmitted bars are elastic; (iii)
the edges of the bars in contact with the specimen remain flat and parallel; (iv) the incident, transmitted,
and reflected waves undergo minimal dispersion as they travel along the bars; and (v) strains measured
at the surface of the bars are indicative of those throughout the cross-section [26]. The theory behind
the SHPB setup and the constitutive true stress–strain relationship of the sample deformation is briefly
discussed in Appendix A. The experimental setup also included a laser speed meter for monitoring the
incident bar speed and DAQ modules for data acquisition. Data were processed via DAVID Viscoelastic
Software [18].
Cylindrical samples were extracted from three orthogonal directions based on porcine liver
anatomy (Figure 1). For evaluating strain rate sensitivity, samples were extracted along Direction 1
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(Figure 1), and strain rates of 350 (n = 4), 550 (n = 4), 1000 (n = 4), and 1550 s−1 (n = 5) were applied.
The range of strain rates was chosen based on the deformation rate from impact at 55 km/h (more than
1000 s−1 ) [27]. To evaluate the directional dependence (anisotropy) of tissue behavior, samples were
dissected along three orthogonal directions (Directions 1, 2, and 3; n = 4 for each direction) and tested
at a strain rate of 350 s−1 . For each test, a sample was glued between the incident and transmitted bars
using cyanoacrylate glue (Cemedine, Japan) [28,29]. Liver tissue was kept moist with PBS throughout
the testing procedure, and testing was carried out at room temperature (21–23 ◦ C).
Statistical analyses of three parameters, namely the tangent modulus, peak stress to valley stress
ratio, and ultimate stress to valley stress ratio, were conducted using the SigmaStat 3.0 software (SPSS,
Chicago, IL, USA). A one-way analysis of variance (ANOVA) method was used for statistical analysis
on the two parameters, and a Holm–Sidak test was used for post hoc comparisons. A paired Student’s
t-test was used to calculate the mechanical difference between the two parameters at different strain
rates. For p < 0.05, the mechanical difference at various strain rates, for a particular parameter, was
considered to be statistically significant.
2.3. Microstructural Analysis
To assess the microstructural characteristics of liver tissue along different orthogonal directions,
samples were dissected along each orthogonal direction (1, 2, and 3) corresponding to the orientation
of samples used for high strain rate testing. Liver samples were fixed in 10% neutral buffered formalin
and dehydrated in a graded ETOH series. Samples were then embedded in Paraplast with CitriSolve
as a transitional fluid, sectioned to a thickness of 7 µm, and subjected to hematoxylin and eosin (H&E)
staining. In H&E staining, liver cell nuclei were stained black/purple, and extracellular matrix proteins
were stained pink.
ImageAnalyzer v.2.2-0 software (CAVS, Mississippi State University, Starkville, MS, USA) was
used for microstructural analyses of histological images from samples cut along each orthogonal
direction [30]. The parameters obtained for each image during analysis included the following: object
count, cell nuclear density, area fraction of cell nuclei, mean area of cell nuclei, and mean nearest
neighbor distance (nnd). Total cell nuclei area was a measure of the total area of all cell nuclei, and area
fraction was the ratio of total cell nuclei area to total image area. Mean area represented the average
area of cell nuclei, and object count was the number of nuclei present in the image. Cell nuclear density
equaled the object count divided by the total image area. Mean nnd was a measure of the average
distance between neighboring nuclei.
2.4. Finite Element Modeling
Similar to Prabhu et al. [25], finite element (FE) simulations (ABAQUS/explicit solver version 6.9)
of porcine liver high-rate tests were conducted to better understand the behavior of the liver tissue
under high-rate compression. The bars in the FE simulations were modeled as an elastic polycarbonate
material (Young’s modulus of 2391 MPa and Poisson’s ratio of 0.36) [25]. The hyperelastic and
inelastic behaviors of liver tissue were fitted (using partial least square fitting in Matlab® ) with a
phenomenological internal state variable (ISV) material model developed by Bouvard et al. (Mississippi
State University TP, version 1.0) [31,32]. The constitutive model (MSU TP version 1.1) used in this study
captured both the instantaneous and long-term steady-state processes during deformation and could
admit microstructural features within the internal state variables. With the microstructural features,
the internal state variable model used for this study can eventually capture and predict history effects
in tissues. In the absence of the microstructural features, other constitutive models should be able
to show the nonuniformity of the stress state under the high-rate loadings exhibited here since no
varying history was induced. Data from high strain rate PSHPB tests were utilized to calibrate the
numerical model (referred here as MSU TP 1.1) using MATLAB (MathWorks Inc., Natick, MA, USA,
2010). Curve fitting (MSU TP 1.1) was performed for experimental data obtained at 205 s−1 , and strain
rate dependency of the material model was validated with the stress–strain response of the tissue
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at 550 s−1 . Subsequent to the previous step, the model calibration was two-fold. The first step in
calibration was performed such that the experimental and FEA strain gage data analyzed through
DAVID Elastic (resulting in true stress–strain curves) were in good agreement. In the second step
of calibration, the strain gage measurements from the SHPB experiment and FE simulation ere also
correlated. Thus, correlation was performed for both strain measurements and the stress–strain of the
specimen. It was noteworthy here that the material point simulator, being 1-D, gave a 1-D stress state
for calibration, while the stress state in experiments and FE simulations were 3-D. The difference in the
loading direction stress σ33 between the material point simulator, experiment, and FEA was due to the
presence of a 3-D stress state in the experiment and FEA. So, the model calibration was performed
through an iterative optimization scheme where model constants were varied appropriately until the
experimental and specimen volume averaged FE simulation σ33 matched. The values for the material
constants for MSU TP 1.1 are found in Table 1. Using calibrated data from PSHPB experiments, several
FE simulations at strain rates of 350, 550, 1000, and 1550 s−1 were performed (ABAQUS/explicit solver
version 6.9 [33]). The finite element model was composed of 22,010 hexahedral elements with the
specimen containing 9200 elements. Mesh refinement was conducted to analyze the convergence of
computational solutions. Boundary conditions included specified initial velocity for the striker bar.
The finite element model simulated the experimental PSHPB setup corresponding to different strain
rates, and a “contact” was defined between the surfaces of the specimen and polycarbonate rod.
Table 1. Values of material constants for liver material using the MSU TP 1.1 model.
Model/Material Constants.

Values

µ (MPa)
K (MPa)
γvo (s−1 )
m
Yo (MPa)
αp
λL
µR
Rs1
ho
ζo 1
ζ*sat
ζ*o
go
Cκ1 (MPa)
h1
eo s2
esat s2
Cκ2 (MPa)

29
12,492
99,209.5
1.1
2
0
7
0.168627
1.4
31
0
0.01
0.3
0.07
0.4
0
0
0.4
0

3. Results
PSHPB experiments showed that liver tissue had a strain rate-sensitive behavior under high-rate
compression (Figure 3a). Stresses were significantly higher as the strain rate increased from 350, 550,
1000, to 1550 s−1 . The resulting stress–strain behavior showed that the liver tissue exhibited an initial
stiffening behavior, which was followed by softening. After softening, tissue hardening took place
until yielding and ultimate failure. The nonmonotonic stress–strain behavior described above was
apparent for all four strain rates (350, 550, 1000, and 1550 s−1 ).
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The stress–strain behaviors of the liver tissues extracted from three orthogonal directions
Table 2. Ratio of peak stress/valley stress and ratio of ultimate stress/valley stress shows an overall
exhibited no significant differences at 350 s−1 (Figure 3b). Overall at high strain rates, porcine liver
decreasing trend along with the increase of the strain rate. (n = 4).
tissue demonstrated nonlinear, inelastic, strain rate-sensitive mechanical responses; all responses
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Table 3. Image analysis results from Figure 4a–c revealing the tissue’s homogeneity and isotropy.

Objects
Cell nuclear density (/mm2 )
Area fraction of cell nuclei
Mean area of cell nuclei (µm2 )
Mean nearest neighbor distance
(nnd) (µm)

Direction 1

Direction 2

Direction 3

797
4.08 × 103
9.79%
23.98 ± 15.58

795
5.91 × 103
13.4%
22.6 ± 15.71

803
4.11 × 103
8.06%
19.59 ± 7.73

9.62 ± 3.14

8.44 ± 2.40

9.29 ± 3.12
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muscle tissue samples to produce equal stress distributions through the cross-section [11]. For choosing
the appropriate aspect ratio, one must take into consideration two trends: (i) increasing the specimen
aspect ratio can cause an increase in radial inertial effects; however, (ii) decreasing the specimen aspect
ratio below a certain level could lead to nonuniform deformation along the longitudinal axis of the
sample [11]. Van Sligtenhorst et al. and Song et al. showed the effects of specimen aspect ratio on
the accuracy of PSHPB testing, and as a result, samples for the present study were prepared with the
previously stated geometric criteria in the experimental design. By generating consistent, repeatable
data that reflected the intrinsic mechanical response of liver tissue, the optimal aspect ratio for liver
tissue was determined to be 3:1.
The obtained true stress-true strain curves showed a nonmonotonic characteristic overall
(Figure 3a,b), which was similar to recently reported data from drop tower compression testing
of human liver tissues at strains rates up to 62 s−1 [13]. Results from both studies indicated a loading
path that initiated with a sharp stiffening response, followed by softening, subsequent hardening,
and then yielding until ultimate failure. It is notable that this initial stiffening does not appear in
stress–strain plots obtained in the regime of low strain rates (<10 s−1 ), which often exhibit a monotonic,
concave-upwards stress–strain relationship [28,34]. Song et al. hypothesized that the stiffening was
purely a result of inertia [12]; however, this may or may not be the complete conclusion. Similarly,
Sparks et al. cited inertia as the main factor in initial stiffening but included dynamic changes in
specimen geometry during loading as a factor in stiffening [13]. Additionally, our study showed that
the initial hardening trend observed in the high strain rate response of soft biological materials may
completely be due to inertial effects, but part of it could also be attributed to the intrinsic behavior
of the material [23]. Further, Prabhu et al. also asserted that the high water content (70–80%) of soft
biological materials contributed to part of the initial hardening observed in high strain rate responses
of soft biomaterials [23].
As observed in Figures 6 and 7, the high-frequency oscillatory behavior of the FE simulation
stress–strain response was higher than that of the experimental response. The experiment, which
represented more of a real-world scenario, encountered the lower levels of such high-frequency
oscillations. In real life experimental systems, energy dissipation mechanisms act as a damping source,
but in an FE model, which is an undamped system simulating a real world damped experimental
system, proportional damping is commonly used to account for dissipative mechanisms (Appendix B).
It is interesting to note that high strain rate testing of different tissues results in different degrees
of initial stiffening. The results obtained by Prabhu et al. for brain tissue and by Clemmer et al. for
liver tissue at high rate compression demonstrated a higher initial hardening peak when compared to
liver data reported in this study [23,24]. The above observation leads to a hypothesis correlating the
initial stiffening with concentration of cellular content/water content [23]. Specifically, tissues with
higher cellular content have a higher initial stiffening peak than those of a more fibrous nature (e.g.,
brain > liver > tendon). One of the future aims of this research is to characterize various soft tissues
in an effort to confirm that the initial stiffening effect is actually an accurate representation of tissue
behavior under high strain rate testing.
To our knowledge, no studies involving high strain rate Hopkinson pressure bar testing of porcine
liver tissue exist. Moderate strain rate testing (20–62 s−1 ) on human liver tissue was performed by
Sparks et al. (2008), and they showed similar trends in stress–strain plots, despite the difference in
methodology, in which a drop tower technique was used on intact human livers [13]. Though these
strain rates were considered as fairly high in the report, they were relatively low compared to the
strain rates obtained in the present study. Through repetition of testing using the PSHPB apparatus,
various input velocities of the striker bar resulted in consistent strain rates in the porcine liver tissue
(Table 4). Using the PSHPB method, striker bar speeds of approximately 6.5–17 mph corresponded to
strain rates of 350–1550 s−1 in the liver tissue. For accurate replication of car crash scenarios, speed is a
critical factor, and the impact speeds employed in the present study are more representative of speeds
at which blunt trauma situations, such as those resulting from automobile accidents, occur.
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Table 4. Correlation between striker bar speed and resultant strain rate of porcine liver tissue in
high-rate tests.
Velocity of Striker Bar (mph)

Strain Rate of Liver Tissue (s−1 )

6.487
9.843
13.645
17.001

350
550
1000
1550

The anisotropic mechanical response of liver tissue was also addressed in this study. The isotropy
(or anisotropy) of liver tissue at high strain rates has not been well accepted in the present literature;
therefore, evaluating this material property for modelling purposes was necessary. Previous work on
high strain rate testing of bovine liver along two perpendicular directions determined that bovine liver
behaved isotropically [19]. The present study extends this work to include three orthogonal directions
in porcine liver tissue, along which high strain rate tests and histological analysis were performed. High
strain rate mechanical testing clearly showed that no difference existed among stress–strain behaviors
from testing along three orthogonal directions. Histological analysis of liver tissue, which examined
characteristics as cell nuclear area, cell count, and mean distance between neighboring cells, revealed
microstructural similarities among samples oriented along Directions 1, 2, and 3. These findings
suggest the liver is an isotropic medium. Although exact mechanisms for the isotropic response are
not yet clear, future studies into the contributions of the extracellular matrix may be insightful. The
heterogeneous response of the liver tissue behavior during plastic deformation in an experimental
setup is specimen-, microstructure-, or location-dependent, which is difficult to integrate in a simulated
homogenous finite element model. In the PSHPB experimental setting, porcine liver specimens were
glued to the setup, whereas the finite element model incorporated only minimal contact between the
specimen and the polycarbonate rod. Even though utilization of glue during biomechanical testing
of porcine liver tissue is not uncommon [34], it is difficult to quantitatively delineate the mechanical
role of glue in PSHPB; hence, it was assumed to be constrained-body contact that was applied in the
FE studies. Furthermore, high water content is essential for viscoelastic responses of soft tissues [1].
Incorporation of this mixture theory-based viscoelastic response in the material model can potentially
capture the “softening” and further “hardening” responses; however, this component is beyond the
scope of the current 1D material point simulator and will be addressed in future studies.
5. Conclusions
The use of a PSHPB apparatus for high strain rate testing of porcine liver tissue reveals the
inelasticity, isotropy, and strain rate sensitivity of liver tissue. In conclusion, (i) the liver tissue response
at high-rate compression was characterized by an initial hardening peak, followed by softening, and
then by strain hardening to failure; (ii) the liver mechanical stress–strain behavior increased as the
applied strain rate increased; and (iii) isotropic high-rate material behavior was observed along all
three orthogonal directions and was confirmed by the liver histological microstructure.
In addition to these three conclusions, some other important points are worth mentioning.
The wave propagation predicted by the finite element PSHPB simulation was consistent with the
experimental results, thus substantiating the present results of the PSHPB. However, the computational
simulation of the PSHPB process also showed that a uniform stress state was not fully achieved in
the cylindrical sample. This limitation implies that future work is warranted to perfect the PSHPB
technique in soft tissue high-rate characterization.
High strain rate tests conducted using an SHPB apparatus show that the porcine liver is strain
rate-dependent (Figure 3a). The anisotropy of the material at a high rate is marginal but marked with
high variation in the sample-to-sample mechanical behavior (Figure 3b). The material response is
marked by an initial hardening effect, followed by a softening trend, and then further hardening at
larger strains (Figure 3a,b). Simulations of the PSHPB test in ABAQUS/explicit solver (version 6.9)
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showed that the axial stress σ33 was primarily concentrated in the central region of the specimen
(Figures 6 and 7). Specimen volume-averaged FE simulation results indicated that a homogeneous
stress state was not maintained during specimen deformation (Figures 6 and 7). The range of stresses
exhibited by the specimen in the FEA can be observed in Figure 8.
This novel approach using polymeric bars for high-rate impact of porcine liver tissue serves as
a benchmark for future high strain rate testing of soft tissues. Experimental data coupled with the
finite element model can be implemented in large-scale, computational models of the human body for
simulation of high strain rate scenarios, such as automobile accidents, for validating the efficacy of
various safety features.
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Appendix A. Working Principle of Split Hopkinson Pressure Bar (PSHPB)
The theory for PSHPB is based on classical mechanics of elastic wave propagation in the bars
and on the principle of superposition of waves. In elastic wave propagation theory, stress, strain, and
particle velocity caused from a single pressure wave (here compressive) are proportional to each other.
Hence, knowledge of a single pressure wave at any cross-section of the bars enables us to calculate the
wave nature at any other cross-section. Using the knowledge of incident wave and reflected wave at
any cross-section (and through the principle of superposition), stress, strain, and particle velocity can
be calculated. Here the stress, the strain, and the particle velocity are simply the sum of those related to
the incident wave and reflected wave, which are in opposite directions [18]. The specific wave energy
(Ws ) absorbed by the specimen is given by
Ws = Wi − (Wo + Wr ).

(A1)

This is the equation for energy balance. Here Wi is the energy of the incident wave, Wo is the
energy of the transmitted wave, and Wr is the energy of the reflected wave. Stress state homogeneity
and balance of input and output are assumed. The bar’s response, being elastic in nature, can be used
to calculate the specimen’s inelastic response through the energy balance of the stress waves. The
expression for true stress–strain for a PSHPB experiment is given as:
σt ( t ) =

F(t)
(1 − 2νεn (t)).
Ss (0)

(A2)
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1
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εt (t) = −ln
1 − εn ( t )

with

Zt

(A3)

.

εn (t)dt,

εn (t) =

(A4)

0

!
Vi ( t ) − Vo ( t )
εn ( t ) =
,
ls (0)
.

(A5)
.

where εt (t) is the true strain (A2), εn (t) is the nominal strain (A3), εn (t) is the nominal strain rate (A4),
ls (0) is the initial length of the sample (undeformed), F(t) is the force, V is the velocity, Ss (0) is the initial
cross-sectional area of the sample, and ν is Poisson’s ratio (which is equal to 0.5 for incompressible
materials). Subscript i and o represent variables on the incident and transmitted bars, respectively. The
above formulae are applicable to compression with positive strains.
Appendix B. Mechanism of Rayleigh Viscous Damping
Real world dissipation mechanisms, such as friction, vibration, etc., in a high strain rate experiment
are hard to quantify and are simulated using an FE model. However, a generalized damping
mechanism, called Rayleigh or classical damping, can be introduced to simulate frictional and
vibrational dissipations. Rayleigh damping was introduced as a specific type of viscous damping,
which was calculated as a linear combination of mass matrix (M) and stiffness matrix (K). The equation
for viscous damping matrix is as follows:
C = αR M + βR K,

(A6)

where αR and βR are the coefficients of M and K, respectively, and are real scalars (A6).
The observed difference in the high-frequency oscillatory waves of the FE simulation in comparison
to the experimental data (Figure 5) arose from the fact that frictional and vibrational dissipations
were simulated in the FE model through viscous damping. Viscous damping is a numerical damping
mechanism to account for experimental dissipations.
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