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3D-HOPKINSON BAR: NEW EXPERIMENTS FOR DYNAMIC TESTING ON SOILS

JEAN-FRANCOIS SEMBLATY, MINH PHONG LUONG!) and GERARD GARYii)

ABSTRACT

The Split Hopkinson Pressure Bar method (S.H.P.B) provides a ready means for direct analysis of material dynam-
ic response. Soil specimens generally present poor mechanical properties, thus the classical experimental device has to
be adapted. An original experimental arrangement ‘‘Three-Dimensional Split Hopkinson Pressure Bar’’ (3D-SHPB)
is proposed. It allows measurement of the complete three-dimensional dynamic response of soils. Experiments are
oedometric type tests (rigid confining cylinder) involving dynamic radial stress measurement. Pseudo Poisson’s ratio
is then determined and the influence of strain rate is shown. In addition, other types of confining systems are used:
soft and semi-rigid confinement and low impedance tests are performed. Results on different loading paths are com-
pared with others on sands and clays. Analysis at grain-size level gives further elements on the comminution process.

Key words: dynamic response, fracture energy, granular material, Hopkinson bar, pseudo Poisson’s ratio, soil dy-

namics, stress path IGC: D7/E8)

FAST LOADINGS ON SOILS

Introduction

In soil dynamics, many different methods and prob-
lems are considered. However, there is no real unified ap-
proach to investigating similarly as various problems
such as earthquake engineering, pile driving, dynamic
compaction, vibratory isolation, etc. These diverse prob-
lems involve various frequency ranges or strain magni-
tudes. A tentative classification is proposed in Fig. 1,
comparing different practical problems and tests in terms
of frequency, strain magnitude and ratio between wave
length and dimensions of the domain (or the specimen).
For small values of this ratio A/l., wave propagation
phenomena prevail (Fig. 1). Otherwise, they may be
neglected and the {dynamic) material behaviour can be
directly analysed. We considered two approaches: direct
analysis of dynamic response of soils (Semblat, 1995a, b)
and study of wave propagation phenomena in soils
(Semblat, 1995a, 1997, 1998). This paper focuses on ex-
perimental studies dealing with dynamic soil response:
first experiments in the 60’s, Hopkinson bar based
methods in the 70’s and 80’s and our 3D-Split Hopkin-
son Pressure Bar (3D-SHPB), (Semblat, 1995a, b).

Previous Dynamic Experiments
W. Heierli (1962) and R. V. Whitman (1957) investi-

gated dynamic soil response in the 60’s. However, they
did not really take into account wave propagation
phenomena in the experimental device itself. In the 70’s
in France, G. Aussedat and J. Meunier (1974) developed
dynamic tests on soils (falling mass with fast-speed imag-
ing of the crushing phase). They also performed experi-
ments based on the Split Hopkinson Pressure Bar
method. They designed a low impedance bar (nylon) be-
cause their first experiments on steel bars were very disap-
pointing.

Their work is among the first investigations of dynamic
response of soils with an accurate control of transient
phenomena in the experimental device itself. Split
Hopkinson Pressure Bar tests (SHPB) seem to be well-
adapted for soils and provide a good control of wave
propagation phenomena.

THE ‘“TRADITIONAL’”’ S.H.P.B METHOD

Experimental Arrangement

The original Hopkinson device (with only one cylindri-
cal bar) was modified by Kolsky (two bars) for indirect
measurements on both sides of the specimen. The ‘‘tradi-
tional’’ Split Hopkinson Pressure Bar system is then com-
posed of two axial bars (incident bar and transmitter bar)
and a striker bar launched by a gas gun. Figure 2 schemat-
ically presents such a ‘‘traditional’’ SHPB device.
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As shown in Fig. 2, the specimen is placed between two
main bars. The main aim of Hopkinson type experiments
is to perform indirect strain measurements: strains are
measured on the bars (and not directly on the specimen).
These measurements provide values of forces and dis-
placements (stress and strain) at every location on the
bars and at every time, particularly at bar-specimen inter-
faces.

Axial Stress in the Specimen

Propagation of stress wave in bars and through both
bar-specimen interfaces is an important aspect of dynam-
ic experiments on the S.H.P.B device. On both bar-speci-

1

Specimen

‘“Traditional’’ Split Hopkinson Pressure Bar device

men interfaces, a process of multiplereflections and trans-
missions takes place. A 3D-schematic is given by Semblat
(1995a, b) depicting the variations of axial stress with
time and location. It indicates clearly that axial stress in
the specimen increases progressively. This stage of the ex-
periment is called the ‘‘transient stage’’ during which
propagation phenomena strongly prevail. Afterwards axi-
al stress becomes more and more uniform along the speci-
men. This is the main interest of SHPB method: it allows
uniform stress distribution under high strain rates.

Two Main Experimental Stages
As depicted in Fig. 3, dynamic tests on the Split Hop-
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Fig. 3. Forces on both specimen sides showing two main stages of the
SHPB experiment

kinson Pressure Bar can generally be divided in two main

stages:

* a ‘‘transient stage’’: the stress state is non homogene-
ous, wave propagation phenomena in the specimen
strongly prevail

» a ““fast quasi-static stage’’: a stress equilibrium state
along the specimen length is reached, the axial stress is
homogeneous in the whole specimen (incident and
transmitted forces are balanced).

From experimental results (Semblat, 1995a, b), it is ob-
vious that both incident and transmitted forces are equal
after the initial transient phase. As shown by Fig. 3, the
classical assumption of the S.H.P.B method is fulfilled:
it is possible to perform high strain rate experiments on
soils since there is a ‘‘Fast Quasi-Static’’ stage allowing
direct determination of the dynamic response (behav-
iour) of this soil. However, recent analysis techniques give
much more information about transient stages (Rota,
1994).

Determination of Mechanical Parameters

As is shown in Fig. 2, strain waves are measured on the
bars: incident and reflected waves on the incident bar and
transmitted wave on the transmitter bar. However, to de-
termine forces and displacements at both bar-specimen
interfaces, strain waves have to be fictitiously carried to
the interfaces. The most important thing is to identify the
starting point of each strain wave. Elastic simulation of
strain wave propagation in the specimen (Gary, 1992)
allows, for example, a more precise identification
(dispersive phenomena in the bars being also taken into
account).

In the bars, behaviour and propagation parameters are
readily related. Strain rate é.(¢) and axial stress oau(?)
are then given as follows:

Go
éax(t)=7'[gtra(t)+8ref(t)—8in0(t)] (1)
SpE
Gax(t)=—'[8inc(t)+8ref(t)+8tra(t)] (2)

2 Sspec

where C, is the wave velocity in the bars, 4 the length of
the specimen, S its section area and &inc, &rer and &a are
the incident, reflected and transmitted strains respec-
tively.

Since dispersive phenomena are corrected (Gary, 1992),
the assumption of one-dimensional propagation is fully
justified. Equation (2) is valid if axial forces on both
sides of the specimen are equal. This is verified consider-
ing experimental results given in Fig. 3.

RECENT DYNAMIC EXPERIMENTS

A lot of recent research has provided results from Hop-
kinson type experiments on soils. C. W. Felice (1987,
1991) and G. E. Veyera (1995) in the USA, S. Shibusawa
in Japan (1992) and A. M. Bragov (1994) in Russia per-
formed SHPB tests to determine soil response under high
strain rate.

C. W. Felice (1987, 1991) performed Hopkinson bar ex-
periments on saturated sand (or clayey sand) specimens.
These were oedometric dynamic tests (rigid confining
cylinder) without measurements of radial stress. The
main goal of this work was to improve the analysis of ex-
perimental results in the initial loading phase. Slender-
ness of the specimens was less than 0.2 for a bar diameter
of #=60.3 mm (see Table 1). Experimental results indi-
cated that specimen resistance increases because of satura-
tion. Veyera and Ross (1995) works concerned sand speci-
mens under undrained dynamic compression using a
thick-walled container. Specimens length ranged from
/=6.3 to /=12.7 mm and the bar diameter was $=50.8
mm. The strain rates involved in these experiments were
from 1000 to 2000 s™! (see Table 1).

In Japan, Shibusawa and Oida (1992) investigated the
dynamic response of soils (mainly clays) to study the
influence of water content and specimen dimensions. The
experimental device allows measurement of incident and
reflected waves only. The transmitted force is measured
directly on the specimen (see Table 1). Shibusawa and
Oida gave prominence to an exponential increase of the
dynamic modulus with increasing water content.

A. M. Bragov (1994) studied the dynamic response of
plasticine in jacket-confined tests. The bars diameter was
@ =20 mm and the specimen length was /=15 mm. This
was with our work, the first research to investigate three-
dimensional dynamic response by performing circum-
ferential strain measurement. Bragov uses four strain
gauges on the jacket to determine the radial strain of the
specimen during dynamic axial loading (see Table 1).

The main characteristics of the tests performed by
these different authors are collected in Table 1. Ex-
perimental devices were all Hopkinson type systems (with
only one bar for Shibusawa (1992)). The dimensions of
bars, specimens and the confining methods used varied:
confining cylinder, confining pressure (see Table 1). The
results of our approach will be compared with those ob-
tained by the authors listed in Table 1.



Different Hopkinson type dynamic tests on soils

Table 1.
Type of Specimen

Authors soil size
Meunier clay /=2 a 15 mm
(1974) @ =36 mm
Felice clayey sand /=13/25 mm
(1987, 1991) and alluv. ®=60.9 mm
Bragov plasticine /=15 mm
(1994) (eclay) @=20 mm
Veyera dry or /=6.3/12.7 mm
(1995) saturated ®=50.8 mm

sand

Shibusawa silt +clay + /=50/100 mm
(1992) sand @ =50 mm
Semblat, dry sand =10, 15, 20, 25
Luong, Gary & 30 mm
(1995a, b) @& =40 mm

‘“3D-SHPB’’: A NEW DEVICE FOR DYNAMIC
TESTING ON SOILS

For the dynamic testing of soils, it is necessary to modi-
fy the classical Hopkinson arrangement: Meunier pro-
posed a nylon bars device, Felice used a rigid confining
cylinder, and Bragov confined experiments (Table 1).
However, considering the influence of stress path on soils
response, it would be very interesting to measure (or con-
trol) both axial and radial stresses. In this study, oedo-
metric dynamic tests using a rigid confining cylinder are
carried out on a special device called ‘‘Three-Dimen-
sional Split Hopkinson Pressure Bar’’ (3D-SHPB).
When using a rigid confining cylinder, zero radial strain
can be ensured while radial stress cannot be correctly esti-
mated. Using a radial bar in contact with the specimen

Strain
gauges

TR

ggrg];:; Duration Confinement
l4;;=0.15m 500 us air pressure
nylon
$=36 mm
l4i=0.25m 125 us thick
metal cylinder
$=60.9 mm
li=0.25m 200 us thin cylinder
metal th.=10 mm
@=20 mm measur. of &
14;=0.65 m 257 us thick
metal cylinder:
®=50.8 mm th.=25 mm
1;i=0.25m 80 us none
metal
$=25 mm
14;=0.85m 350 us thick cylinder
& 0.5m air pressure
metal oil pressure
& PMMA
@ =40 mm

through the confining cylinder, this special device allows
measurement of radial stress with time (Semblat, 1995a,
b). Figure 4 gives a schematic view of the ‘“Three-Dimen-
sional Split Hopkinson Pressure Bar’’.

The special device involves three Hopkinson type bars:
2 axial bars to measure axial displacements and forces on
both sides of the specimen, and 1 radial bar to evaluate
the radial stress during the test. Mechanical and geometri-
cal characteristics of the axial bars are given in Table 2.

RIGID CONFINEMENT TESTS (DYNAMIC
OEDOMETRIC)

Axial Dynamic Response
All the specimens are composed of dry Fontainebleau
sand. Density of the specimens is constant: p=1667 kg/

Radial
bar

Striker bar

Incident bar

1. Transmitter bar

Specimen in rigid
confining cylinder

Fig. 4. Three-Dimensional Split Hopkinson Pressure Bar device



Table 2. Bar and striker bar characteristics

Bar characteristics Striker characteristics

diameter @ =40 mm diameter @=40 mm
length lL=2m length /,=0.85m
Young modulus E£=70000 MPa Young modulus E=70000 MPa
density p,=2820kg/m’® mass m=3.012kg

velocity C,=5180m/s impact speed 2to20m/s

m?. The tests performed on the experimental device
shown in Fig. 4 are called ‘‘rigid confinement tests’’: the
rigid confining cylinder prevents radial strain. The
confining cylinder must therefore be sufficiently rigid or
thick to give a small radial strain. This is verified from
radial stress measurements and numerical results given in
Semblat (1995b). For rigid confinement tests (Fig. 5), axi-
al responses are nearly linear for loading and unloading
phases with different slopes in both cases but equivalent
ones from one test to another. The elastic part of the
response is not really clear as the global dynamic behav-
iour of sand is shown to be highly anelastic. The oedomet-
ric response is compared further with responses on other
kind of loading paths.

Dynamic Moduli of Sand

The oedometric dynamic tests are performed using
specimens of five different lengths and three impact
speeds (of the striker bar on the incident bar), each test
being repeated three times identically. For all these tests,
values of corresponding strain rates and dynamic moduli
are given in Table 3. Strain rate values range from 200 s ™!
up to 1245 s™! depending on the impact speed (of the
striker bar on the incident bar) and on the specimen
length. Slopes of the dynamic stress-strain curves refer to
a highly anelastic, but linear, dynamic response and
range from 350 MPa to 750 MPa approximately (see
Table 3).

From the experimental results, it is clear that varia-
tions of these slopes are not negligeable at all, but the
relationship with strain rate values is not obvious. Analy-
sis of three-dimensional aspects of the dynamic response
gives interesting results concerning the potential dynamic
effect.

Radial Stress Measurement

The confining pressure is not constant during axial dy-
namic loading. To quantify the variations of radial stress
with time, an original experimental arrangement is
proposed. The 3D-SHPB device (Fig. 4) allows the meas-
urement of the stress wave in the radial bar from which
the radial stress in the specimen is derived. It is then possi-
ble to compare values of axial and radial stress with time
(Semblat, 1995a, b). Mechanical and geometrical proper-
ties of the radial bar are given in Table 4.

Test Reproducibility
Experimental reproducibility is studied by repeating

Table 3. Experimental results for all oedometric dynamic tests

Test

001
002
003
006
007
008
011
012
013
016
017
018
021
022
023
026
027
028
031
032
o
036
037

Spec.
length

10 mm

15 mm

[ 20 mm

30 mm

eed | ‘rate  Modulus | e
393s7! | 468 MPa

3.4m-s™! | 473s7' | 479MPa | 476 MPa
497s™' | 482 MPa
771s~' | 377 MPa

5.8m-s”! 725s7' | 443MPa | 426 MPa
\ 697s”! 457 MPa
| 124557 440MPa

9.9m-s™' | 1190s™' 476 MPa 460 MPa
1188s™! 464 MPa
345s7!  515MPa

3.4m-s”! | 314s7! S502MPa 509 MPa
279s™' 511 MPa
468s™' 582 MPa

5.8m-s”! | 458s™! 602MPa 591 MPa
446s™' 588 MPa
793s™! 593 MPa

9.9m-s™' | 81s™' 604MPa 589 MPa
827s”! 571 MPa
220s™! 648 MPa

34m-s™!  240s' 719MPa 700 MPa
268s™' 732 MPa
379s~! 557 MPa

5.8m-s”'  361s”! 582MPa 570 MPa
359s™! 570 MPa
634s™' 616 MPa

99m:s™' | 640s™' 619MPa | 626 MPa
602s~! 644 MPa
200s~' | 704 MPa

34m-s™' | 22257' | 679MPa | 693 MPa
223s7' | 695 MPa
| 318 s™! | 655MPa

| 5.8m:s™' | 31657 | 649MPa | 661 MPa
| 3175~ | 679 MPa
( s08s~' | 657 MPa

| 99m-s™' | 520s' | 664MPa | 661 MPa
536s™' | 661 MPa
167s~' 686 MPa

3.4m-s™! | 148s™! 670MPa 697 MPa
158s~' 735 MPa
264s™' 684 MPa

5.8m-s™' | 270s”™' 684MPa 700 MPa
247s™'  733MPa
444s™' | 635MPa

9.9m-s™'  430s”!'| 692MPa | 657 MPa
45551 | 645 MPa
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Fig. 6. Axial and radial stresses versus strain for three identical tests

Table 4. Radial bar characteristics

Radial bar
diameter &=40 mm
length ,=1.442m
Young modulus E=94000 MPa

£,=8520 kg/m>
Cy=3323m/s

density

velocity

each tests (specimen length, strain rate) three times identi-
cally. This is very good for axial stress, and acceptable
for radial stress measurements (see Fig. 6 and Table 3).

THREE-DIMENSIONAL ASPECTS OF DYNAMIC
LOADING

Mean and Deviatoric Stresses

Starting from the axial and radial stress measurements,
it is possible to evaluate the three-dimensional loading
path in terms of mean stress ‘‘p’’ and deviatoric stress
““q”’. Figure 7 curves reveal clearly that, for a linear

MPa 0

2 19T test 021 ——

2 o | test03l—— \
2 5
5

o

2

<

3

a

Mean stress (p)

Fig. 7. p-q diagrams: deviatoric stress versus mean stress (oedometric
dynamic tests)

strain path (g,/&,=2/3 in oedometric tests), the stress
path is also linear. However, loading slope and unload-
ing slope on p-q diagrams are different. The structure of
the specimen is actually different after the loading stage
(grain crushing, see last section).

Comparisons of axial and radial stresses provide more
quantitative results in the next paragraph. In the follow-
ing section, other tests are performed under constant and
slightly variable confining pressures. This allows the com-
parison of stress paths for various confining conditions
under high strain rates.

Pseudo Poisson’s Ratio

From measurements, it is possible to investigate fur-
ther the three-dimensional dynamic response. Consider-
ing the oedometric strain paths used and the quasi-linear
aspect of the axial dynamic response, a dynamic pseudo
Poisson’s ratio can be calculated using the theory of elas-
ticity. Stress and strain tensors are then very simply
related:

_ 0V
SZZ_E_E (o11+033) for example.

For rigid confinement tests, we assume that principal
stress and strain directions are the same as axial and radi-
al bars directions. As these tests are oedometric, & is
Zero, 011 =0 and 02, =033 =04 (Where g. and Gy are
the axial and radial stresses respectively). The previous
relationship gives the expression of the dynamic pseudo
Poisson’s ratio

= Orad ) ( 3)
Oax+ Grad

From the experimental measurements of axial and radi-
al stresses and the previous expression of dynamic pseu-
do Poisson’s ratio v4y (Eq. 6), corresponding numerical
values are derived. Curves of Fig. 8 give values of vqy, for
three identical tests (see Table 3). After the initial tran-
sient stage (¢ <0.015), values of v4y, have slight variations
with axial strain. The dynamic pseudo Poisson’s ratio is
then really found to be a nearly constant parameter relat-
ing axial and radial stresses. Values of v4y, given in Table
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Table 5. Dynamic pseudo Poisson’s ratio for oedometric dynamic
tests

Test/strain rate Vayn Mean value
011/1245s™" 0.33
012/1190s™" 0.39 0.37
013/1188s™" 0.39
021/468 57! 0.32
022/458s~" 0.30 0.31
023/4465~! 0.30
031/220s7! 0.24
032/240s7! 0.24 0.24
033/268s7! 0.25

5 correspond to various specimen lengths and strain
rates. It appears from these values that the pseudo Pois-
son’s ratio is the highest for highest values of strain rate
(Table 3). The pseudo Poisson’s ratio changes from one
group of identical tests to another because the dynamic
radial confining effect increases with increasing strain
rate.

OTHER LOADING PATHS

Various Types of Confinement

In addition to the “‘rigid confinement’’ tests (oedomet-
ric tests on 3D-SHPB), three other types of confining sys-
tems are used: semi-rigid confinement (slightly variable
confining pressure), soft confinement (constant confining
pressure), low impedance tests (plexiglas bars with low
mechanical impedance). ‘‘Low impedance’’ tests are per-
formed on a PMMA Hopkinson device and the specimen
is confined with a constant pressure (Semblat, 1995a, b).
A special correction procedure allows us to take into ac-
count damping and dispersive phenomena in the visco-
elastic bars used (Zhao, 1997).

Semi-rigid Confinement Tests

Semi-rigid confinement tests are performed under
slightly variable confinement. The experimental device
does not allow an accurate estimation of confining pres-
sure variations. Figure 9 gives the axial stress versus axial
strain for different semi-rigid confinement tests (slightly
variable confinement). For this kind of test, the dynamic
response is nearly linear for both loading and unloading.
Values of axial stress are of the same order as for rigid
confinement tests. Curves presented in Fig. 9 refer to
tests performed under various confining pressures (3.0;
5.6 and 7.5 MPa) but with the same specimen length
(/=10 mm). Confining pressure has no strong influence
on the dynamic response (for the present confining pres-
sure values). It should be noted that this pressure may
change during axial loading (no measurement of these
changes is performed here).

Soft Confinement Tests

Soft confinement tests are performed under constant
confining air pressure. Figure 9 gives the axial stress ver-
sus axial strain for a confining pressure of 2.5 MPa; the
specimen length is /=11 mm. The maximum value of axi-
al stress is 40 MPa, which is much lower than values of
rigid or semi-rigid confinement tests. For soft confine-
ment tests, the response is no more linear for the loading
phase. For rigid and semi-rigid confinement tests, the
variations of confinement during loading give a stiffened
response of the material.

Low Impedance Tests (PMMA Bars)

Low impedance tests are performed on a PMMA bar
(plexiglas). These bars have a much lower mechanical im-
pedance than the duraluminium bars used for all other
tests (see Table 6). The strain measurements made on the
bars are corrected by taking into account both geometri-
cal dispersion in the bars and material dispersion due to
plexiglas viscosity (Zhao, 1997).

Figure 9 gives three curves: axial stress versus axial
strain from low impedance tests. The maximum axial
stress is much lower than for other types of tests (less
than 10 MPa). The dynamic response of the material is
of the softening type even if strain rates are of the same
order as for the previous tests.

COMPARISON OF THE DYNAMIC RESPONSES

Influence of the Dynamic Loading Path
From the different dynamic tests performed, it is possi-
ble to appreciate the influence of stress path on the speci-
men response. Comparison of the dynamic responses on
different loading paths (rigid confining, semi-rigid, soft
and low impedance) is given in Fig. 9. From these curves,
there is an obvious influence of the dynamic loading path
on the dynamic response. There are two kinds of dy-
namic response:
» for ““low impedance’’ and ‘‘soft confinement’’ tests
(bottom curves in Fig. 9): the flexibility of the confine-
ment cannot firmly control the volumetric strain and
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Table 6. Bar characteristics for low impedance tests

Bar characteristics

diameter $=40 mm
length L=2m
Young modulus E=6000 MPa

density po=1226 kg/m’

velocity C,=2210m/s

thus allows strain-softening of the specimen during dy-
namic loading,

o for ‘‘semi-rigid confinement’’ tests and ‘‘oedometric
tests’’: behaviour is quite linear for loading. The in-
crease of the confinement apparently strengthens the
specimen under dynamic loading.

Other Experimental Investigations

Other authors have studied soil response under fast
loadings (Table 1). It started with Heierli and Whitman
in the late 50’s, but there was no appropriate control of
the dynamic processes in the experimental device itself.
Most recent investigations use Hopkinson type experi-
mental arrangements (Table 8). Transient phenomena
are well-controlled and a special confining procedure is
generally used. The only work considering three-dimen-

Table 7. Mean grain diameter after different dynamic tests (rigid

confinement)
Test Strain rate Mean diameter
virgin — 196 um
001 39357! ‘ 185 um
006 77157 \ 151 gm
011 1245 5! ‘ 66 um
016 34557 \ 174 ym
021 468 5~ \ 137 um
028 8275 \ 91 um
031 2205~ \ 176 um
036 379571 ‘ 150 um
041 6345 ' 104 gm
046 2005~ 177 ym
049 318s7! 172 um
052 508 s~! 118 um
055 167s! 182 um
058 264 57! 183 um
061 4445 121 ym o



Table 8. Main results for Hopkinson type dynamic tests given in
Table 1
Authors Main results and conclusions
Meunier « first tests on nylon bars (low impedance) without
(1974) correction of dispersive phenomena
« weak influence of confining pressure on the response
Felice « bilinear behaviour:
(1987, 91) *1st phase for ¢ <initial porosity, filling of the voids
and crushing of the grains
*2nd phase specimen fully saturated, response of
the fluid
Bragov « measurement of the circumferential strain from
(1994) tests with soft confining cylinder on plasticine
specimen
Veyera « strong dependence of the dynamic response on the
(1995) saturation index (stiffened behaviour with increasing
saturation)
Shibusawa * modulus increases with saturation
(1992) * one-bar test, results deduced from incident and
reflected waves only, axial stress possibly non
homogeneous
Semblat, « determination of the three-dimensional dynamic
Luong, Gary stress path, design of the 3D-S.H.P.B test
(19954, b) « comparison of dynamic responses on different
loading paths (rigid, semi-rigid, and soft
confinements)
« confinement increases stiffness of the dynamic
response

« evaluation of the dynamic pseudo Poisson’s ratio
« analysis at grain-size scale

sional effects is due to Bragov, but he studied different
loading paths than ours (his results concern dynamic
strain paths). Our experiments give dynamic soil
responses on various stress paths using the same material
(see Table 8).

The influence of saturation on the dynamic response
seems to be important after the initial phase of closing of
the voids (Table 8). Our experiments do not investigate
the influence of saturation but show the effect of confine-
ment stiffness on the dynamic response (soft, semi-rigid
and rigid). The influence of strain rate on the dynamic
pseudo Poisson’s ratio vay, is shown. Analysis at grain-
size level is also an original aspect of our research and it
could be related, in future works, with experiments made
to study transient effects in granular forces variations
(Semblat, 1995b).

ANALYSIS AT GRAIN-SIZE LEVEL

Grain-size Changes

For all the ‘‘rigid confinement’’ tests, grain-size distri-
butions of the specimens are compared. As shown by
Table 7, percentages of large grains decrease whereas per-
centages of small grains increase (Semblat, 1995a, b). As
a result of this qualitative remark, it is possible to quanti-
fy the variations of particle size. The mean diameter for
the virgin specimen is dipean =196 um. After testing, the
mean diameter may fall down to 66 um. The relationship
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Fig. 10. Fracture energy versus strain energy (for all oedometric tests)

between grains mean diameter after testing and axial
stress is strong. This may suggest out that there is no dy-
namical effect in the comminution phenomena.

Fracture Energy

Considering variations of grains diameter, it is possi-
ble to make a quantitative analysis of the grains fracture
in the specimen. Each grain-size curve may be related to
the fracture energy of the corresponding test (Fukumoto,
1992). From (axial) stress-strain curves, strain energy dis-
sipated in the specimen E,_. may also be estimated. As is
shown in Fig. 9, for all oedometric dynamic tests, frac-
ture energy is proportional to strain energy E,_.. Thus
there is a close relationship between strain energy dissi-
pated in the specimen (estimated from the response) and
fracture energy (computed from theoretical expressions
given in Semblat (1995a, b)). However, after loading of
the specimen, some of the stress waves are still travelling
in the bars. Nevertheless, from this relationship between
fracture energy and strain energy, it seems that only the
first loading wave changes grain-size distributions. This
is a logical conclusion considering velocities at both bar-
specimen interfaces after unloading (Semblat, 1995a).
There is a separation between the bars and the specimen
after the first unloading stage.

CONCLUDING REMARKS

Using S.H.P.B loading to investigate the dynamic
response of soil appears to be a promising approach. An
original experimental arrangement is proposed to deter-
mine the whole 3D stress path (3D-Split Hopkinson Pres-
sure Bar). The comparison of different tests using various
confining conditions shows the strong influence of the
loading path on the dynamic response. Calculation of dy-
namic pseudo Poisson’s ratio reveals the strain rate effect
on the 3D-dynamic response. Analysis at grain-size scale
also gives interesting results about the relation between
dynamic response and grain-size changes.
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