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Abstract

Split Hopkinson pressure bar (SHPB) technique has been used widely to measure the dynamic strength enhancement
of concrete-like materials at high strain-rate between 10! and 10° s~!. Although SHPB technique has been verified for
metallic materials, the validity and accuracy of SHPB results for non-metallic materials have not been thoroughly
studied. The present paper examines the application of SHPB to determine the dynamic strength of concrete-like
materials whose compressive strength is hydrostatic-stress-dependent. It shows that the apparent dynamic strength
enhancement beyond the strain-rate of 10> s~! is strongly influenced by the hydrostatic stress effect due to the lateral
inertia confinement in a SHPB test. This apparent dynamic strength enhancement has been wrongly interpreted as
strain-rate effect and has been adopted in both dynamic structural design and concrete-like material models for ana-
Iytical and numerical simulations, which may lead to over-prediction on the dynamic strength of concrete-like mate-
rials. The SHPB test is simulated in the present paper using FE method and Drucker—Prager model to investigate how
the hydrostatic stress affects the SHPB test results of concrete-like materials. A rate-insensitive material model is used in
order to examine this pseudo-strain-rate sensitive phenomenon. A collection of SHPB test results of concrete-like
materials are compared with simulation results, which confirms quantitatively that the apparent dynamic strength
enhancement of concrete-like materials in a SHPB test is caused by the lateral inertia confinement instead of the strain-
rate sensitivity of the tested material.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The strain-rate effect on the strength of various concrete-like materials, e.g., concrete, mortar and geo-
materials, has become an important factor in both the material model and the design of structures that may
experience high strain-rate in a range of applications when impact or blast loading is involved. It is
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generally accepted that there is an apparent increase of the dynamic strength when the concrete-like
material is subjected to high strain-rate. The dynamic increase factor (DIF), defined by the ratio of the
dynamic strength to the quasi-static strength in uniaxial compression, has been widely accepted as an
important parameter to measure the strain-rate effect on the strength of concrete-like materials.

The dynamic strength enhancement of concrete has attracted great interest in structural design and
analysis due to the broad applications of concrete in impact and blast loading environment. European CEB
recommended DIF formulas for concrete in both tension and compression (Comite Euro-International du
Beton, 1993), which take bilinear relations between DIF and log(¢) with a change in slope at strain-rate of
30 s~!. A great number of tests have been conducted to find the dependence of DIF on strain-rate by using
various test methods, e.g., drop-hammer techniques, servo-hydraulic loading rigs, split Hopkinson pressure
bar (SHPB) and explosive devices. A critical review on the compressive behaviour of concrete at high
strain-rates was conducted by Bischoff and Perry (1991), where various experimental techniques and test
results were summarized. Williams (1994) gave a comprehensive review about the strain-rate effects on the
compressive strength of concrete, where DIF measured by various researchers was plotted against the
strain-rate from quasi-static to 10> s~! for concrete of quasi-static strength between 16.5 and 103 MPa.

Although it has been shown that DIF increases 50% in average when strain-rate varies from 107> to 10!
s~!, as shown in Fig. 1, it has great uncertainty about the test results and their interpretations (Bischoff and
Perry, 1991). These uncertainties may come from following sources, (1) different testing techniques; (2)
specimen size effect; (3) material differences, e.g., concrete quality, aggregate grade, curing and moisture
condition, age, etc., and (4) dynamic and boundary effects. It is interesting to know whether the test results
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Fig. 1. Strain-rate influence on the compressive strength of concrete (Bischoff and Perry, 1991).
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at high strain-rates purely reflect the strain-rate-dependence of material itself, or the dynamic effects due to
the test set-up and the method of measurement have great influence on the strain-rate-sensitivity of con-
crete-like materials.

Comparative studies on the dynamic strength of concrete should be based on consistent experimental
results, preferably from a systematic and consistent test program, in order to reduce experimental uncer-
tainties to minimum. In recent years, SHPB technique, which was developed originally to test the dynamic
stress—strain relation of metallic specimens, has been widely applied to study the dynamic compressive
strength of concrete at high strain-rate from 10! to 10* s~!. The SHPB-based experimental results suggested
that the strain-rate influence on DIF becomes significant when the strain-rate is beyond a critical value
between 10! and 10% s~! (Malvern and Ross, 1985; Tedesco and Ross, 1998; Grote et al., 2001), which will
be studied in the present paper.

The objective of the present study is to verify the validity of SHPB technique for testing concrete-like
materials. It shows that the strain-rate-dependence of DIF obtained from SHPB tests is mainly caused by
the existence of lateral inertia confinement in a SHPB test, and thus, the DIF obtained using the con-
ventional SHPB technique should be modified to eliminate the lateral inertia confinement effect.

2. SHPB technique and strain-rate effect on DIF of concrete
2.1. SHPB technique and its limitations

A SHPB system consists of incident and transmitter pressure bars with a short specimen sandwiched
between them. Three waves are involved in a SHPB test, i.e., an incident compressive pulse generated by the
impact of a striker, a reflected tensile pulse due to the low impedance of the specimen and a transmitted
compressive wave. Stress wave reflects at interfaces between specimen and pressure bars to homogenize the
stress distribution in the specimen (Davies and Hunter, 1963). According to one-dimensional stress-wave
theory, the engineering stress, strain-rate and strain defined on specimen length are

P +P n—-"r !
o= L 2, é=—"""2 and s:/ édt, (la—)
24, Ly 0

where P, and P, are the forces acting on the two interfaces between the specimen and the incident/
transmitter pressure bars. ¥ and V5 are the particle velocities at the interfaces between the incident/
transmitter pressure bars and the specimen, and Ly and A, are the original length and area of the specimen,
respectively. These values can be obtained from strain gauge stations on the incident and transmitter
pressure bars.

There are two fundamental postulates for the valid application of Eq. (1) to obtain engineering stress,
strain and strain-rate in the specimen, i.e.,

(1) one-dimensional elastic stress wave theory is valid in pressure bars;
(2) stress and strain states within the specimen are uniaxial and uniform.

The first postulate can be satisfied by limiting the impact velocity to ensure that the pressure bars deform
elastically and by using a proper length—to—diameter ratio of pressure bars and projectile to eliminate other
negative effects, e.g., wave dispersion, which will not be discussed in the present paper. The stress and strain
states in a specimen are affected by several factors, e.g., the radial, or the lateral, inertia effect, the axial
inertia effect and the friction restraint between the specimen and the pressure bars, which may cause the
violation of the second postulate of a SHPB test. A number of researches have been published to verify the
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validity of SHPB measurement for metallic specimens. For example, Bell (1966) showed that there are large
discrepancies between the axial strain measured on the radial surface of the specimen and the average strain
obtained from SHPB formula, Eq. (Ic), when lubrication is not applied on the interfaces between specimen
and pressure bars. Davies and Hunter (1963) showed that the slenderness ratio plays opposite roles on axial
and lateral inertia effects and an optimal slenderness ratio exists

, Ly 1
Afgfzw/%s (2)

to minimize their compound influence on the accuracy of a SHPB test, where v, is an effective Poisson’s
ratio of the specimen under the experimental condition. vs ranges from 0.33 to 0.5 for metals deformed from
elastic to plastic ranges, and thus, the optimal slenderness ratio is between 0.5 and 0.61 according to Eq. (2)
to minimize the inertia effects on the accuracy of a SHPB test. Eq. (2) has been recognized as the optimal
slenderness ratio for all kinds of metal specimens in a SHPB test. Meanwhile, it is also used to determine the
slenderness ratio of non-metallic specimens in SHPB tests.

A numerical simulation was conducted by Bertholf and Karnes (1975) to study the accuracy of a SHPB
test. A strain-rate-insensitive stress—strain relation of the specimen material was examined and the recon-
stituted stress—strain relation using SHPB formulae was compared with the input stress—strain curve. It was
shown that serious stress and strain non-uniformity exists when the interfaces between the specimen and the
pressure bars are not lubricated properly, which results in a noticeable over-prediction about the strain-rate
effect due to the friction restraint at interfaces.

However, conclusions for metallic specimens may not be applicable for concrete-like specimens,
mainly due to their brittleness and hydrostatic-stress-dependent behaviour, which will be discussed in
Section 2.3.

2.2. DIF of concrete using SHPB technique

The dynamic strength increase in concrete was first observed by Abrams (1917) and it has been generally
accepted that concrete and concrete-like materials, e.g., mortar and geomaterials, are strain-rate sensitive
and the constitutive model of such materials under dynamic loading should include strain-rate effect. A
large number of experiments have been performed under controlled conditions in order to quantify strain-
rate effects. Research works were concentrated mostly on the compressive strength (Fu et al., 1991a,b;
Bischoff and Perry, 1991), which covered a wide range of concrete of different quasi-static strengths (f;s) and
strain-rates, showing an obviously strength enhancement at strain-rates above a critical value.

In recent years, SHPB technique, which was developed originally to test dynamic stress—strain relation of
metallic specimens, has been widely applied to study the dynamic compressive strength of concrete at high
strain-rate from 10! to 103 s~' (Goldsmith et al., 1966; Malvern and Ross, 1985; Ross et al., 1989; Tang
et al., 1992; Zhao, 1998; Ross et al., 1995; Tedesco and Ross, 1998; Grote et al., 2001). SHPB-based ex-
perimental results suggested that the strain-rate influence on DIF becomes significant when the strain-rate
is greater than a critical value that is in the range of 10'-10? s~' (Malvern and Ross, 1985; Tedesco and
Ross, 1998; Grote et al., 2001). The details about SHPB and its limitations are given in Section 2.1. Several
publications of SHPB experimental results on concrete and mortar are discussed in this section.

For strain-rates in the range of 10'-10* s~!, SHPB seems to be the most adequate means to test the
strain-rate effect for concrete and concrete-like materials. The dependence of DIF on strain-rate was rec-
ommended by CEB for concrete, i.e.,

1.0260
DIF:&Z [f] for £<30 s (3a)

Jes &
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and
DIF =, [5] for &> 305! (3b)

where f.; and f.4 are the unconfined uniaxial compressive strength in quasi-static and dynamic loading,
respectively. y, = 100615520 " 50 = 1/(5 + 9fis/feo), & =30 x 107¢ s7! and f,, = 10 MPa. Eq. (3b) at
strain-rate above 30 s~! fits Malvern and Ross (1985)’s SHPB test results (Bischoff and Perry, 1991).

A series of SHPB tests have been conducted by Ross et al. (1989, 1995, 1996) and Tedesco and Ross
(1998) using SHPB for different concrete strengths, moistures and strain-rates around 10? s~!. A DIF re-
gression equation was suggested as follows Tedesco and Ross (1998)

DIF = 0.00965logé +1.058 > 1.0 for £<63.1s™! (4a)
and
DIF = 0.758logé — 0.289<2.5 for &> 63.1s"! (4b)

in which the transition point from a low strain-rate sensitivity to high strain-rate sensitivity occurs at 63.1
s~!, which is slightly higher than the transition point given by CEB formulae in Egs. (3a) and (3b).

Recently, Grote et al. (2001) tested mortar on SHPB from 250 to 1700 s~! strain-rate. A sharp increase of
DIF was observed at strain-rate around 10? s~!. Following formulae is suggested to measure the depen-
dence of DIF on strain-rate

DIF = 0.0235logé+1.07 for £<266.0 s (5a)
and
DIF = 0.882(logé)’ — 4.4(logé)” + 7.22(logé) — 2.64 for &> 266.0s7". (5b)

Above SHPB test results are demonstrated in Fig. 2, which clearly indicates there is a sharp increase of DIF
beyond a transition point of strain-rate around 10?> s~! for concrete or concrete-like materials. It is inter-
ested to find the possible causes responsible for the existence of this transition point. The lateral inertia
confinement in a SHPB test may play an important role for this transition phenomenon, as discussed in
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Fig. 2. Strain-rate influence on DIF measured by SHPB.
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Section 2.3. A qualitative study based on Grote et al. (2001)’s test results will be presented in Section 3 using
FEM to give further supporting evidence for the important role of lateral confinement in a SHPB test.

2.3. Lateral confinement in a SHPB test

The physical mechanisms about the strain-rate effect on DIF of concrete have not been fully understood.
At least, two factors, i.e., the viscoelastic character of the hardened cement paste and the time-dependent
micro-crack growth, may contribute to the macroscopic DIF sensitivity to strain-rate. It also shows that the
presence of the free water in the material may lead to a strain-rate effect similar to the Stefan effect (Rossi
et al., 1994). It seems that concrete samples are not strain-rate sensitive below strain-rate of 10° s~! unless
free water is present. However, these mechanisms are not able to explain the observed rate dependence of
DIF of concrete at high strain-rates (>10'-10% s~') on dry samples.

A very important factor, which may cause the dynamic strength enhancement of concrete with increase
of strain-rate, is the lateral confinement in a SHPB test. The lateral confinement comes from both
the contact surface restriction and the lateral inertia during the rapid compression. The influence of the
lateral confinement on SHPB measurement is normally ignored for metallic specimens because the
contact friction is ultimately reduced using lubricant and the lateral inertia induced lateral confinement
does not influence the flow stress due to an important fact that the metal plasticity is hydrostatic-stress-
independent. However, the stress response of concrete-like material is hydrostatic-stress-dependent, and
therefore, it has completely different response to the lateral confinement. The fact is that the compressive
strength of a concrete-like material can be largely enhanced by the lateral confinement. Presently, a
numerical simulation that considers strain-rate effect on the DIF of concrete in a material model has been
regarded as an advanced simulation if the impact or explosive loading is involved in the simulated
phenomenon. When the conventional SHPB technique, which has become an important means to obtain
the dependence of DIF of concrete on strain-rate in the range of 10'-10% s~!, is used to test a concrete-
like material, the lateral confinement due to lateral inertia will greatly enhance the measured uniaxial
compressive stress. Unfortunately, such strength enhancement due to the lateral confinement in SHPB
test is frequently interpreted as the strain-rate enhancement in most of experimental publications, e.g.,
Grote et al. (2001), and has been subsequently implemented into the concrete model for a numerical
simulation.

There are few publications to note this issue and to study the development of the lateral confinement in a
SHPB test for concrete specimen. In their literature review about the compressive behaviour of concrete at
high strain-rates, Bischoff and Perry (1991) summarized the scatter evidences about the lateral inertia
confinement influence on the compressive strength of concrete-like materials in a dynamic test. This phe-
nomenon was firstly noted by Brace and Jones (1971) when they tested the dynamic compressive strength of
rocks. They suggested that the sharp increase in the compressive strength of brittle materials may not be
‘real’, but comes from a result of the transition from a uniaxial stress state to a uniaxial strain state (Brace
and Jones, 1971; Bischoff and Perry, 1991). This viewpoint is supported by several studies on rock, e.g.,
Janach (1976), Glenn and Janach (1977) and Young and Powell (1979). However, opinions are still divided
about whether the strain-rate effect on the stress increase in rock is ‘real’ or due to lateral inertia con-
finement (Bischoff and Perry, 1991).

Compression tests on concrete using SHPB showed that the lateral inertia confinement is negligible for
strain-rates up to 10? s™!' (Malvern et al., 1985). Gupta and Seaman (1979) tested concrete specimens in
plane strain state under both quasi-static loading condition and strain-rates around 10* s~! using plate
impact. They noted that the compressive strength increase at a strain-rate of 10* s=! is much less the
prediction from the CEB recommendations (Comite Euro-International du Beton, 1993). The formula
recommended by CEB gives a sharp increase of DIF when the strain-rate is greater than 30 s~!. This
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recommendation was questioned by Bischoff and Perry (1991), i.e., such sharp increase of the concrete
strength may be due to the change of the specimen response from the uniaxial stress state to the uniaxial
strain state rather than a strain-rate effect.

Based on an assumption that the specimen deformation is uniform and therefore the radial and hoop
strains are independent of the radial coordinate, a quadratic expression of the radial stress distribution was
obtained by Tang et al. (1992) to estimate the lateral inertia confinement in a cylindrical concrete specimen
in SHPB test. It was shown that the magnitude of the lateral inertia confinement is not larger than 0.1-0.2%
of the magnitude of the compressive strength in their SHPB tests within a range of strain-rates up to 200
s~!. It was concluded that the influence of the lateral inertia confinement on SHPB test results is trivial in
these SHPB tests (Tang et al., 1992). However, this conclusion is questionable if the validity of the as-
sumption in their analyses is not satisfied.

Georgin et al. (1998) simulated the force transmission through a cylindrical specimen when the velocities
on the two faces of the cylinder are imposed. Both fixed and free end conditions were examined as two
extreme situations. Two different material models were used, i.e., a Drucker-Prager model, which is
hydrostatic-stress-dependent, and von Mises model, which is hydrostatic-stress-independent. The influences
of the axial inertia force, lateral inertia confinement and boundary conditions on the force transmission
through a concrete cylinder were briefly studied. It shows that confinement may be developed in a SHPB
test, which could lead to an apparent strength increase when the specimen material is hydrostatic-stress-
dependent. A similar problem was simulated by Donze et al. (1999) using a 3D discrete-element method
where the input data are the velocities at both ends of the cylindrical specimen and the output data are the
computed forces on these two end faces. It shows that the transmitted force through the concrete cylinder
could be increased, thus, leading to an apparent strain-rate effect that is actually due to the lateral inertial
confinement.

These limited studies support Bischoff and Perry (1991)’s claim that the strength enhancement may be
caused partly by a transition from a state of uniaxial stress to uniaxial strain. When the stress state in the
cylindrical specimen in a SHPB test is deviated from the uniaxial stress state, the apparent compressive
strength will definitely increase if the tested material is hydrostatic-stress-dependent. Further studies are
necessary to confirm this new explanation for the strain-rate sensitivity of concrete and concrete-like
materials at high strain-rates and to locate the transition point of the apparent strain-rate sensitivity for
each type of concrete-like materials.

3. Numerical SHPB experiment based on FEA
3.1. Methodology

Two important issues should be addressed in the numerical verification of a SHPB test. First of all, it is
necessary to prove that the obtained SHPB test results represent the material property of the tested
specimen rather than the structural response of the specimen in a SHPB system. Secondly, the apparent
strain-rate effect on the stress measured in a SHPB test should be due to material strain-rate sensitivity
rather than other causes.

A “reconstitution method” will be used in the present study. This methodology requires a given con-
stitutive model for the tested material of the specimen. Normally, the dynamic constitutive equation of the
tested material is unavailable before conducting dynamic material test. The flow stress dependence on the
strain-rate is secondary to the flow stress dependence on strain within a range of strain-rate and the strain-
rate-dependence is usually considered through an enhancement factor R(é)

s = a,(e)R(&) (6)
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e.g., Cowper-Symonds relation (Jones, 1997) and Jonhson—Cook model (Johnson and Cook, 1983).
Therefore, a stress—strain relation in quasi-static uniaxial compression and its corresponding quasi-static
constitutive equation could be used in the numerical verification. The numerically tested material can be
considered as strain-rate-independent. The specimen and SHPB pressure bars are simulated as a structural
problem to get the so-called “reconstituted” stresses and strains based on SHPB formulas, which can be
used to obtain a ‘“‘reconstituted” axial stress—strain relation. The deviation between this “‘reconstituted”
axial stress—strain relation and the input axial stress—strain relation indicates the error due to the violation
of the fundamental assumptions in a SHPB test. This methodology has been adopted by Bertholf and
Karnes (1975) and by Meng and Li (2002) to estimate the accuracy of the SHPB test for metallic specimens.
The advantage of using a strain-rate-independent stress—strain relation as the input is that all discrepancies
between the reconstituted stress—strain curve and the input stress—strain curve are not due to the strain-rate
effect, but due to other negative factors in a SHPB test, which should be correctly interpreted in the analyses
of the SHPB test results. Meanwhile, the quasi-static stress—strain relation is able to capture the main
feature of the stress—strain relation of the tested material since the strain-rate effect is normally secondary.

3.2. Constitutive equation of concrete

A typical uniaxial stress—strain relation of concrete or concrete like material is shown in Fig. 3. A linear
stress—strain relation exists between the ultimate tensile strength (i) and the elastic limit (o.). The stress—
strain relation becomes non-linear due to the existence of micro-cracks between the elastic limit and the
ultimate compression strength (f), which is followed by a strain softening phase and a residual strength
phase. The identification of a constitutive model of concrete or concrete-like material requires test results
from a uniaxial stress—strain relation and its dependence on the stress triaxility.

Various material models have been proposed to include the above mentioned features of concrete or
concrete-like materials with various simplicities and application purposes, e.g., the plasticity concrete model
in LS-DYNA (Malvar et al., 1997) and ABAQUS (Park et al., 2001) and the hypoelastic model in ADINA
(Tedesco et al., 1997). As advanced constitutive models introduce more experimental parameters and in-
crease computational difficulties, a simplified model may give more accurate and efficient predictions if it is
representative to the characteristics of the studied problem.

Drucker—Prager model (Drucker and Prager, 1952) has been extended to model the behavior of concrete
or concrete-like materials, which is capable of providing phenomenological account for the pressure-
dependent flow due to the internal friction, a typical feature of concrete or concrete-like materials. It allows
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Fig. 3. Quasi-static uniaxial stress—strain curve of mortar.
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the evolution of the deformation to be tracked through both the strain hardening and the strain softening
within the framework of finite deformation kinematics. Both the Drucker—Prager model and the FE
modeling used in the present study are well established. This ensures that the new discovery on the strain
rate dependence of DIF is not influenced by the uncertainties of the numerical SHPB experiment, but comes
from other sources, which will be identified and studied in the present paper.

The linear Drucker-Prager model in ABAQUS (ABAQUS theory manual version 5.8) was used by Park
et al. (2001) to simulate plate impact tests on concrete and mortar. Strain-rate sensitivity was introduced by
scaling the quasi-static flow stress through DIF obtained from standard SHPB test (Grote et al., 2001).
However, according to the discussion in Section 2.3, SHPB results for concrete or concrete-like materials
may be misinterpreted due to the existence of lateral inertia confinement and their authenticity is ques-
tionable, which will be shown in the following simulation on the response of mortar specimen in SHPB tests
using the same linear Drucker—Prager model and the FEM code ABAQUS/Explicit as those used by Park
et al. (2001).

The yielding criterion in a linear Drucker-Prager model, as shown in Fig. 4, is

F=t—ptanf—-d=0 (7)

where f is the slope of the linear yield surface in the p—¢ stress plane and f is commonly referred to as the
friction angle of the material, d = (1 —1tan /3) o, if the hardening is defined by the uniaxial compression
yield stress o.. p = —1trace(o) is the equivalent hydrostatic stress and ¢ is a deviatoric stress measure de-

fined by
(-]

where ¢ = ,/3(S: §) is the von-Mises equivalent stress, » = (35 : S : S)’% and S = ¢ + pl is the deviatoric
stress.
The flow rule of the linear Drucker—Prager model is
de? oG
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C aO',-j
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where & is the equivalent plastic strain, ¢ = 1 — (1/3) tany and the flow potential is
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Fig. 4. Drucker-Prager failure criterion: (a) typical failure surface in the deviatoric plane and (b) failure surface and flow direction in
the p—t plane.



352 Q.M. Li, H Meng | International Journal of Solids and Structures 40 (2003) 343-360
G=t—ptany (10)
in which, ¥ is the dilation angle in the p— plane. The geometrical interpretation of i is shown in Fig. 4(b).

3.3. Numerical model

A description of the examined problem is illustrated in Fig. 5. The dimensions of the set-up are the same
as those used by Grote et al. (2001) for comparison purpose.

The calculations are performed using the general-purpose finite element code ABAQUS/Explicit version
5.8 with element type CAX4R (axis symmetric element, reduced integration). The specimen is meshed into
30 elements along the radius and 30 elements in the axial direction. Each elastic pressure bar is represented
by 10 elements along the radius and 800 elements in the axial direction with finer meshes near the bar/
specimen interfaces, as shown in Fig. 6. Finer meshes were examined in several trial simulations, which did
not bring significant difference comparing with the results based on the current mesh. The sliding is per-
mitted between the specimen and the pressure bar and a constant friction coefficient is assumed. An au-
tomatic time-integration scheme offered by ABAQUS/Explicit is used throughout the simulation.

The material properties and the dimensions of SHPB apparatus employed in the present study are listed
in Table 1. The uniaxial quasi-static stress—strain curve of the specimen is shown in Fig. 3, which is sim-
plified from Maher and Darwin (1980). As the main concern of the study is the ultimate uniaxial com-
pressive strength of the concrete rather than the post-failure process, the stress—strain relation before the
ultimate compressive strength of the mortar is simplified into a linear elastic relation with the ultimate
compressive strength of 40 MPa and the ultimate strain of 0.2%, followed by a strain softening region. It is
evident that the ultimate strength is regarded as the yield stress here.

Input Input bar Specimen Output bar
stress —\ 0.012m \
pulse Y I J
— | r — - V] 002m
/ !
Gauge Gauge T
f 0.5m T 0.5m 0.5m T 0.5m: 1
i

Fig. 5. Configuration of the SHPB set-up for numerical simulation.

input bar specimen output bat

I ¢t

D2
‘ a2 = =

L — S

axis |

s

bar/specimen interface

Fig. 6. Axisymmetric finite element model of the specimen and the pressure bars.
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Table 1
Material properties and the dimensions of SHPB
Dimensions Material properties
Length (m) Diameter (m) Material E (MPa) p (kg/m?®) v
Pressure bar 1.0 0.02 Steel 2 x 10° 7800 0.3
Specimen Varies 0.012 Mortar 2 x 10? 2000 0.2

Triaxial testing data are necessary to determine material parameters for concrete and concrete-like
materials. A method to determine these parameters from triaxial test data has been provided by Drucker—
Prager model in ABAQUS/Explicit. A triaxial compressive test is normally conducted by compressing a
specimen that is confined by a constant pressure. Thus, the principal stresses are all negative with
0> 0y = 0, and 0 > a3, so that

P:—%(201+03) (11)

and
t=o0 —03 (12)

when K = 1 (Note: specimen response is insensitive to K according to Park et al. (2001)), and

H—t
ﬁ:arctan<] 2)
P —p2

where ¢, t, and p,, p, are the coordinate values at point 1 and 2 in p—¢ plane shown in Fig. 4(b). Based on
the data of actual triaxial compression tests (US Dept. of the Interior Bureau of Reclamation, 1954; Dahl,
1992; Zhang, 2001), the real value of f for mortar ranges from 40-60°, and therefore, f = 50° is used in the
numerical simulation in the current study. In their simulation of plate impact of mortar, Park et al. (2001)
found that i/ has limited influence on the specimen response. In the present research, the influence of y on
DIF in a SHPB test is almost negligible according to parametric studies. Thus, an associated flow law, i.e.,
Y = f3, is used in the following simulations.

4. Numerical results and discussion

Instead of modeling the collision between an impact bar and the incident pressure bar, a stress pulse of
trapezium shape is inputted into the incident pressure bar. The rising time of the pulse varies from 0 to 180
us, the pulse duration varies from 30 to 240 ps and the stress intensity varies from 45 to 1000 MPa. Different
combinations of the pulse parameters are used to obtain desired strain rates at the measured ultimate stress
of the SHPB test. The actual shape of the input pulse will be changed when it reaches the specimen due to
the wave dispersion. Nevertheless, trial simulations have shown that the ultimate strength measured from a
numerical SHPB test depends mainly on the measured strain rate at the ultimate stress. The influence of the
pulse shape on the measured ultimate strength is not explicit, but through the measured strain rate at the
ultimate stress. However, both the rising time and the stress intensity of the input pulse could be adjusted to
change the strain rate in a SHPB test.

Fig. 7 gives the numerical strain histories obtained at strain gauge locations in the SHPB set-up in Fig. 5
with the specimen length of / = 60 mm, the length—diameter ratio of //d = 0.5, the friction coefficient of
zero and the nominal strain-rate of 390 s—!. The initial compressive wave ¢ is partly reflected back into the
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Fig. 7. Strain histories measured by gauges in a numerical SHPB test.

incident bar as a tensile wave eg and partly transmitted into the transmitter bar through the specimen as a
compressive wave ér.

The stress—strain curves obtained from the strain histories through Egs. (1a—) and the hydrostatic stress
at the same time at two different nominal strain-rates of 27 and 390 s~! are shown in Figs. 8 and 9, re-
spectively. It shows that the stress—strain curve at the nominal strain-rate of 27 s~ in Fig. 8 fits the input
uniaxial stress strain curve very well, especially before the ultimate compressive strength is reached. No
apparent strain-rate effect is observed and the hydrostatic stress keeps about 1/3 of the uniaxial compressive
stress. It transpires that other two principal stresses o, and ¢, are both zero at the nominal strain-rate of 27
s~! and the stress state in majority of the specimen material is uniaxial in this numerical SHPB test. In all

45 1
40 4 N e e e e e e memmm———————.
i ]
351 ! Reconstituted stress-strain curve E
S L
E 30 A + — Hydrostatic stress-strain curve E
Tg’ 25 4 E — Input static stress-strain curve E
g 20 l. ----------------------------------- !
2 ]
=
%154
<
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5 4
0 T T T T T T T ]
0 0.5 1 1.5 2 2.5 3 35 4
Axial strain(%)

Fig. 8. The axial stress versus the axial strain and the hydrostatic stress versus the axial strain at a nominal strain-rate of 27 s~!.
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Fig. 9. The axial stress versus the axial strain and the hydrostatic stress versus the axial strain at a nominal strain-rate of 390 s~

numerical simulations of SHPB tests associated with a low strain-rate, the hydrostatic stress of the tested
specimens is uniform and the lateral confinement due to the lateral inertia is insignificant. No apparent
strain-rate effects for the current material model were observed in the numerical SHPB tests at lower strain-
rates.

However, with the increase of the nominal strain-rate, the lateral confinement due to the lateral inertia
becomes significant, Fig. 9 shows the SHPB outputs of the stress—strain relation and the corresponding
average hydrostatic stress in the specimen at nominal strain-rate of 390 s~!. Both the ultimate strength and
the Young’s modulus increase dramatically. The measured ultimate compressive strength is almost twice of
the corresponding quasi-static value. So does the Young’s modulus. In a real SHPB test, these results are
attributed to the strain-rate effect. As the constitutive relation in the numerical simulations of a SHPB test is
strain-rate-independence, the observed apparent strain-rate effects are not genuine, but due to other rea-
sons.

When we examine the average hydrostatic stress in the specimen, its value is more than half of the
compressive stress, which means that other two principal stresses are not zero, i.e., 6, = g, # 0. Lateral
inertia becomes significant in the specimen, which restricts the radial expansion of the specimen and
causes lateral confinement. According to Drucker—Prager model, the uniaxial compressive strength in-
creases with hydrostatic stress. Fig. 10 shows the hydrostatic stress contour within the tested specimen at
a nominal strain of & = 0.081%. It is obvious that the center of the specimen, which is restricted by the
surround material, has much higher hydrostatic stress. The fact that the apparent ultimate compressive
strength and the apparent Young’s modulus increase with strain-rate is actually a pseudo-strain-rate
effect, which is caused by the lateral inertia in the specimen of a SHPB test for hydrostatic-stress-
dependent materials.

As the commonly accepted slenderness ratio (//d) of the specimen in SHPB tests for concrete and
concrete-like materials is from 0.3 to 1.0. The pseudo-strain-rate effects on DIF of mortar are simulated and
presented in Fig. 11 for three different slenderness ratios. SHPB test results from independent publications
are also presented for comparison purpose. It is interesting to find that DIF obtained from SHPB tests
follows the predicted DIF from numerical SHPB simulations.

Based on Fig. 11, the apparent ultimate compressive strength begins to increase at the average nominal
strain-rate of 10 s~! and a significant increase is observed when strain-rate is beyond a transition
point around 10? s~!. However, the differences between the results for different slenderness ratios of
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Fig. 10. The contour of the hydrostatic stress in the specimen corresponding to a nominal strain of ¢ = 0.081% at a nominal strain-rate
of 390 s~
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Fig. 11. Comparison between the predicted DIF and the measured DIF from SHPB tests.

the specimen are not significant within the examined values of //d and the strain-rates in the present
study.

Define the strain-rate of 10™* s~! as the quasi-static strain-rate, all the numerical results for three dif-
ferent slenderness ratios can be described by the following linear and quadratic polynomial relationships of
the logarithm strain-rate,
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Fig. 12. Comparison between other DIF recommendations and the predicted DIF formulation.

g J 1+ (logé+3)x003438 for &< 107 s7! (13)
T By + By log(é) + B, log’(é) for é > 107 57!

in which, R = DIF = f.4/f.s is the ratio of the apparent dynamic strength fi4 to the quasi-static strength f.
By = 8.5303, f;, = —7.1372 and f, = 1.729 are determined by least-squares method according to data in
Fig. 11.

Eq. (13) is compared with the CED recommendation, Egs. (3a) and (3b), Tedesco and Ross (1998)’s
recommendation, Eqs. (4a) and (4b), and Grote et al. (2001)’s recommendation, Eqs. (5a) and (5b), as
shown in Fig. 12. It shows that the DIF based on the CEB recommendation is much larger than other two
recommendations from Tedesco and Ross (1998) and Grote et al. (2001) in the strain-rate range of 10'-10? s,
Eq. (13) gives a good average of Tedesco and Ross (1998)’s recommendation and Grote et al. (2001)’s
recommendation at strain-rates between 10! and 10° s~'. However, Eq. (13) represents the pseudo-strain-
rate-dependence, which should be eliminated from the measured DIF in actual SHPB tests. Generally, a
relation between DIF and the strain-rate is insensitive to f since DIF is a dimensionless parameter and
therefore results obtained for f,; = 40 MPa may be applicable to other compressive strengths of similar
concrete or concrete-like materials. However, a confident conclusion on this issue requires further studies.

It is well known that the SHPB results are particularly susceptible to the friction between the bar/
specimen interfaces. Bertholf and Karnes (1975) performed a comprehensive two-dimensional numerical
analysis about SHPB test and described the friction effect quantitatively. They concluded that the friction
effect could be effectively minimized if the ends of the specimen are well lubricated. This conclusion is made
for the metal specimen whose friction coefficient is normally smaller than the friction coefficient of a
concrete or concrete-like material. For concrete or concrete-like specimens, the surface of the specimen is
much coarser than the surface of a metallic specimen, and thus, the friction effect cannot be totally ne-
glected even though the interface is lubricated.

In order to investigate the friction effect on the measurement of DIF of concrete or concrete-like ma-
terials through SHPB, a series of parametric analyses using the present FEM model were made for the
mortar specimen. A slenderness ratio of //d = 0.5 is used in all simulations. Friction coefficients vary from
0.0 to 0.7. It is shown in Fig. 13 that the apparent uniaxial compressive strength of the mortar is enhanced
by friction effect that supplies another restraint to the lateral motion of the specimen material. However, the
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Fig. 13. Contribution of the friction to the dependence of DIF on strain-rate in numerical SHPB tests.

influence of the friction coefficient on DIF is insignificant when p is less than 0.1. Practically, the friction
coefficient between the specimen and the pressure bars can be reduced to this value by applying lubrication
properly. Fig. 13 indicates that, when friction coefficient is larger than 0.2, it may enhance DIF consid-
erably in a SHPB test, which may also be misinterpreted as strain-rate effect. Thus, the validity of a SHPB
test should be justified before it is implemented into material models. The present study results shows that
DIF of concrete or concrete-like materials measured from SHPB at nominal strain-rates beyond 10% s~! is
influenced strongly by the existence of the lateral confinement due to the lateral inertia, which does not
represent the real strain-rate-dependence of the tested material. Thus, great pre-caution should be paid
when using a strain-rate-dependence model of concrete or concrete-like materials in both structural design
and simulation.

5. Conclusions

Numerical simulations show that the lateral inertia force of the specimen increases the lateral confine-
ment in a SHPB test, which causes an apparent increase of the DIF for concrete and concrete-like materials
whose stress—strain relation can be represented by a hydrostatic-stress-dependent constitutive law, e.g.,
Drucker—Prager model. This effect becomes significant when the nominal strain-rate is around 10% s,
which coincides with the experimentally obtained transition point from a weak strain-rate-dependency to a
strong strain-rate-dependency. Thus, the observed strain-rate sensitivity from 10> s! in SHPB test is a
pseudo-strain-rate effect, which is caused actually by the material strength sensitivity to the hydrostatic-
stress due to the lateral inertia confinement. Many applications misinterpreted this pseudo-strain-rate effect
as real strain-rate effect in the design and numerical models, which may overestimate the dynamic com-
pressive strength of concrete or concrete-like materials.

Further studies are necessary for a fully understanding about the strain-rate effect on the ultimate
uniaxial compressive strength of concrete and concrete-like materials in SHPB tests. Both experiments
and numerical studies may offer more information to separate pseudo-strain-rate effects from genuine
strain-rate effects in dynamic material property tests, which is important for material model identifica-
tions.
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