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Abstract This paper presents a new instrumented

Proctor test using a Hopkinson bar which allows for

the original measurement of forces and velocities

during the impact loading on soft fresh concrete

samples. For this purpose, the specific points of using

low impedance Nylon bar as well as the two-point

measurement method to recover coupled waves are

discussed. The whole test consists of successive impacts

of low velocity (less than 3 m/s) exerted on the

compressible specimen of a fresh concrete. The

proposed original measurement allows for a quantita-

tive comparison of the behaviour of the fresh concrete

submitted to quasi-static and impact compaction. It

shows that impact compaction is more efficient than

quasi-static case. However, the increase of the impact

velocity seems to reduce the efficiency. There exists

probably an optimal loading path. The further under-

standing of the behaviour of fresh concrete under low

velocity impact should be an interesting way to

improve the industrial compacting process.

Keywords Fresh concrete . Compaction . Proctor test .

Hopkinson bars

Nomenclature

C Celerity of the elastic waves

E Young’s modulus

Sb Cross-sectional area of the bars

(A Strain measured by a strain gauge A

(o Output strain at the interface between the

output bar and the specimen

Vo Output velocity at the interface between the

output bar and the specimen

Se Cross-section

h? Initial length

h Current length

M Mass

> Apparent density > = M/(Seh)

Ai Input stress at the interface between the

impact bar and the specimen

Ao Output stress at the interface between the

output bar and the specimen

N Number of successive impacts

Introduction

The prefabricated concrete products are widely used in

the world and have an important economic interest.

They are generally made from semi-liquid soft fresh

concrete by moulding. During the moulding process, it

is necessary to compact the fresh concrete in the

mould to increase its density (up to 60% from that of

initial soft fresh concrete) to obtain a good strength of

final products. This compaction is generally performed

by a combined action of compression and vibration. In

practice, it is well known that the efficiency in

Experimental Mechanics (2006) 46: 377–386
DOI 10.1007/s11340-006-6419-3

S. Pattofatto (*) :H. Tsitsiris :H. Zhao
LMT Cachan, E.N.S. de Cachan,
C.N.R.S.-U.M.R. 8535,
61 avenue du Président Wilson,
94235 Cachan Cedex, France
e-mail: pattofat@lmt.ens-cachan.fr

A. Poitou
Institut GeM, Ecole centrale de Nantes,
CNRS, Université de Nantes,
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compacting fresh concretes strongly depends on the

added vibration.

However, the current understanding of the com-

pacting efficiency of the vibration is still rather poor,

mainly because of the lack of reliable experimental

results. Indeed, there are only few research works on

the influence of the vibration on the settling of con-

crete [3, 9, 17]. Those previous works are generally

based on experiments for which the fresh concrete

specimen is compacted in a mould lying on a vibrating

support. Therefore, the compacting efficiency related

to different type of vibrations is qualitatively investi-

gated. However, no evident general conclusion can be

made because of the inaccurate knowledge of the real

boundary and loading conditions, and the important

scatter on the fresh concrete samples.

It is also noted that the vibrating system in the

industrial manufacturing process in Europe generates

in fact successive strikes on the mould containing the

products. The frequency is about 50 Hz in the case of

very dry concrete [3]. In order to investigate this

complex process, one way is to consider the forming

process as a series of independent impulsive low

velocity impacts (which is anyway more realistic than

a smooth sinusoidal vibration assumption). For this

purpose, an experimental device that allows to

reproduce the successive impacts on fresh concrete

is necessary. Such a device can be used as a tool for the

analysis of the compacting behaviour of the material. It

could provide a better understanding the efficiency of

impact loading compaction and hopefully lead to the

optimization of the existing industrial manufacturing

process.

The Proctor Test

As the only normalised test applied to the study of

impact compaction is the Proctor test [1], we are

focused on this technique. The standard Proctor test is

a common test to characterize of the compactibility of

soils [14]. It is commonly used to highlight the

influence of the water content on the behaviour of

soils during compaction [6, 16]. The soil sample is

compacted in a cylindrical mould under the action of

repeated impacts of a falling weight (Fig. 1). The

measurements are limited to (i) the height of the sam-

ple, giving the apparent densification, and (ii) the total

energy applied, depending on the falling height and

the number of impacts. As a result, it allows to plot

curves depicting the evolution of the apparent density

versus the accumulated energy provided for the

compaction.

However, one important parameter of the compact-

ing process is the maximum force applied (for the

compacting machine design for instance). Indeed, the

force history recording will contribute also for a better

understanding of the compacting process. It should be

possible to instrument the drop hammer by an

accelerometer like an instrumented drop weight test,

but such a measuring method is known to be not

accurate enough. In this paper, we propose an

instrumentation of the standard Proctor test using a

reliable and accurate measuring technique under

impact conditions: the Hopkinson bars.

The Hopkinson Bar Measurement Technique

The Hopkinson bar is a well-known measuring tech-

nique of impact impulse [7] that has been used for

material testing at high strain rate since the 50’s [8].

The measuring system is made of a long thin rod

instrumented with strain gauges.

In the most popular configuration, the Split Hop-

kinson Pressure Bar (SHPB) test [4, 8], two long thin

rods serve as loading frame as well as measuring

system. The studied material is a cylindrical disc

sample of small height h?, which is crushed between

the two bars as depicted in Fig. 2. Strain gauges are

cemented on both bars, which provide the basic

measurements of wave impulses propagating in the

bars. Indeed, the impact of the striker at the free end

of the input bar creates a compressive longitudinal

incident wave, (i. Once it arrives at the bar-specimen

interface, (i) a reflected wave, (r, is developed in the

input bar, and (ii) a transmitted wave, (t, is induced in

the output bar. From these basic experimental data

(incident, reflected and transmitted waves), forces F

and velocities V at both faces of the specimen can be

deduced [see equation (1), the waves are supposed

Fig. 1. The standard Proctor
test
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to propagate elastically, with no attenuation nor

dispersion].

Fi ¼ ESbð(i þ (rÞ and Vi ¼ Cð(i � (rÞ
Fo ¼ ESb(

t and Vo ¼ C(t
ð1Þ

where E denotes Young’s modulus, Sb the cross-

sectional area and C wave speed, of the bars. The

subscript i or o denote that the value is taken at the

interface between the specimen and respectively the

input and the output bar. The material behaviour can

be achieved if strain and stress fields within the

sample are homogeneous. The average stress–strain

relation ðs� ;�eÞ of the crushed material can be calcu-

lated with equation (2).

�sðtÞ ¼ Fi

Se
¼ Fo

Se

�eðtÞ ¼
Z t

0

Vo � Vi

h?
dt

ð2Þ

where Se is the cross-sectional area of the specimen.

Another classical configuration is the Direct Impact

Hopkinson Pressure Bar (DIHPB) test [5]. In that

case, the specimen is placed on the output bar so that it

is crushed directly, without the use on the input bar

(see Fig. 3). It allows to achieve higher strain rates, but

the measurement is limited to the output side only.

The homogeneity of stress and strain into the specimen

has therefore to be accepted.

In both configurations, the measuring technique

using Hopkinson bars relies on the proportionality

between stress, strain and particle velocity associated

with the two Bsingle waves’’ propagating in opposite

directions. Once they are known, they are time shifted

to the desired cross-section (bar specimen interfaces in

fact) and the most simple case is the one of a perfect

propagation of the wave in the direction x, on a

distance d, given by equation (3).

sðxþ d; tÞ ¼ s x; t � d

C

� �
ð3Þ

Particular Use of Hopkinson Bar Technique

to Instrument Proctor Test

The device presented in next section of this paper is an

instrumented Proctor test, based on Hopkinson bars.

Regarding the Hopkinson bar measurement technique,

it can be viewed as a combination of both configu-

rations: the SHPB because the measurement is avail-

able on both sides of the specimen, and the DIHPB

because the striker crushes directly the specimen.

Moreover, it can be seen that there are two specific

points in order to use this Hopkinson bar technique in

an instrumented Proctor test.

Firstly, the measuring accuracy depends on the

strength of tested sample. Soft Nylon bars [18] are

therefore used, necessary for the measurement of very

weak forces in the case of non-solid material studies

(see also [11, 15]).

Secondly, the directly measurable quantities such as

strains or velocities everywhere in a bar are the sum

and the difference of the two elementary waves. The

classical technique uses long bars and a short loading

pulse so that there exists a cross-section where the

total incident pulse and the first part of reflected wave

(of the same duration) can be recorded separately.

There exists then a maximum observation duration

depending on the length of the bar, and the measuring

duration of a classical instrumented bar is limited [4] to

L/C, C being wave speed and L the length of the bar.

As we can see in this paper, the instrumented Proctor

test using a falling bar has a long impact duration.

Then, a wave separation scheme based on two-point

measurements is also necessary to be applied.

Experimental Procedure

New Instrumented Proctor Test

Using Hopkinson Bars

The proposed new instrumented Proctor test consists

in compacting the specimen of fresh concrete under

repeated impacts of a long instrumented Hopkinson

pressure bar. The whole experimental setup, shown on

Fig. 4, is fixed on a vertical rigid support. The

Hopkinson bar falls down to strike the fresh concrete

specimen in the same way as in the Proctor test. TheFig. 3. The direct impact Hopkinson pressure bar test

Fig. 2. The standard split
Hopkinson pressure bar test

(2)
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studied specimen of fresh concrete is put into the 10

mm thick steel mould, which has a diameter of 62 mm

and is made up of two parts so that the specimen can

be kept after a complete test. The lateral expansion is

quite small and supposed to be negligible. Such

experimental setup allows (i) for the good filling of

the mould, (ii) to minimize the initial compaction of

the specimen, (iii) to apply repeated impacts on the

same specimen, (iv) to apply low velocity impacts, less

than 3 m/s.

A complete test is composed of a series of repeated

impacts imposed at constant impact velocity by means

of a constant drop height limited to 300 mm. For each

impact, the test procedure is the following: (i) the

input bar is lifted and dropped manually, (ii) the

strain measurements are automatically triggered using

the input bar gauge signal, (iii) the final height of the

specimen after each impact is measured manually. The

complete test, including about thirty impacts, lasts

about 10 minutes.

The dimension of the instrumented Proctor test is

the following: the impact input bar is 2 m long, and the

specimen rests on an 1 m long output bar which allows

besides for the measurement of the wave propagation

velocity into the concrete. Bars are made of polyamide

PA6.6 in order to measure weak forces [4, 20]. The

bars have a Young’s modulus of 3.1 GPa and the

celerity of the wave is equal to 1730 m/s. The diameter

of the bars is 61 mm so that the specimen is held

confined between the bars and the mould. The output

bar rests directly on the ground so that it serves also

as a reference for the measurement of the height of

the specimen after each impact.

The advantage of this new testing setup using

Hopkinson bar lies in the measurement of forces-

displacement time history, given by strain gauges

(equation 1). On each measurement point, two gauges

are cemented, diametrically opposed and linked to a

half-Wheatstone bridge. In this way, the bending of the

bar is not taken into account. The analogical signal is

converted into a numerical signal using a rapid

acquisition card, the sampling frequency of which is

200 kHz.

Data Processing and Validation of Measurement

In this particular configuration of Hopkinson bars, the

main difficult lies in the fact that the raw signals of strain

gauges can not be directly used as in a classical SHPB

setup. This is because the duration of a falling impact is

long (about 6 ms) and the length of the bars is not

sufficient to record separately the two waves propagat-

ing on the opposite directions (a bar of 20 m should be

necessary). Indeed, when the signal measured by a

strain gauge contains the sum of superposed compres-

sion waves, it is no longer possible to apply the time-

shifting formula (equation 3) and the proportionality

between stress, strain and particle velocity (equation 1)

is no more valid. To overcome this difficulty, a two-

point measurement method should be applied to each

bar. Two measuring points are effectively used for the

output bar whereas the free end of the impacting bar

serves as the second measuring point for the input bar.

This two-point measurement method introduced by

Zhao and Gary [19] is based on the separation of every

Fig. 5. Illustration of the basis for the separation of waves

Fig. 4. Experimental apparatus
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complex superposition of waves into two elementary

waves, propagating in opposite directions. Here we

denote these two waves ascending easc(t) and

descending edesc(t) as depicted on the example of

Fig. 5 that can be viewed as a representation of the

output bar in our experiments.

In this case, the superposition principle of the waves

at the measurement points gives:

eAðtÞ ¼ easc
A ðtÞ þ edesc

A ðtÞ
eBðtÞ ¼ easc

B ðtÞ þ edesc
B ðtÞ ð4Þ

Using the time-shifting formula (3), the strain and

velocity can be calculated at the interface between the

bar and the specimen as follows:

eoðtÞ ¼ eascA ðt � tAÞ þ edescA ðt þ tAÞ

VoðtÞ ¼ C
�

eascA ðt � tAÞ � edescA ðt þ tAÞ
�

ð5Þ

where A is the location point of the gauge and tA is the

time for the wave to travel from A to the interface.

Considering only the equation of the strain, it can be

expressed in terms of a function g depending on the

measurements given by the two gauges, and $t
2 which is

the time for the wave to travel between the gauges:

eoðtÞ ¼ eo
�
t � $t

2

�
þ gðeA; eBÞ ð6Þ

The signal is therefore iteratively calculated from

the measurements eA(t) and eB(t), and the initial stress

and velocity of the bars (detailed method in [10, 19]).

The stress is therefore calculated using the elastic

behaviour of the bar:

so ¼ E
Sb
Se

eo ð7Þ

It is emphasised that the derived formula (5) and (6)

are based on the assumption of perfect one-dimen-

sional wave propagation theory even if the bars are

viscoelastic and have a large diameter. Such a sim-

plification neglecting wave dispersion effect is still valid

because the impact velocity is low and high frequency

components in the spectrum of the signal are rather

limited. Indeed, the ratio a/0 [2, 13], diameter of the

bar, a, and wavelength of the wave, 0] to quantify the

effect of dispersion, is about 0.01, which is very low.

The same conclusion can be done about attenuation,

which is negligible in our case [19].

A computer program of waves separation has been

implemented and validated using a bar against bar test

[12]. The results finally show that the calculation of the

stress is not very sensitive to the separation of waves.

In fact, this is due mainly to the fact that gauges 1 and

2 (see Fig. 4) are cemented close to the interface (12

mm). On the contrary, regarding the calculation of

the displacement, the separation of the waves is

Table 1 Formulation of the fresh concrete, given in weight % of
the dry material

Coarse grains Sand Cement Water

35% 57.3% 7.7% 7.3%

Fig. 6. Raw measurements
at the three measurement
points. Impact number 3

(5)
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necessary because the calculation of the velocity is

based on the difference of the two elementary waves

[see equation (5)].

Another remark is that the standard Split Hop-

kinson Pressure Bar (SHPB) formulas can not be

directly used because the assumption of the homo-

geneity of stress and strain in the specimen is

not satisfied. Indeed, our testing results, as shown

in Fig. 6, show that the homogeneity of stresses into

the specimen is never achieved. The post-mortem

observation of the specimen shows also that the

density of the compacted fresh concrete is not homo-

geneous in the height [12]. As a consequence, the

analysis will be based only on the independent

measurements obtained at both sides of the specimen,

and especially at the input bar/specimen interface.

Results

Material and Specimen Preparation

Tests results presented below are those performed on

a particular fresh concrete for industrial use, the

formulation of which is given in Table 1.

The granular phase (aggregates and sand) is poly-

disperse: grain sizes range from 0 to 6 mm. Coarse

grains are 4/6 mm slag granulates. Sand is made of

crushed grains and covers all the low granulometry (0/

4 mm slag granulates). This fresh concrete has

therefore, empirically speaking, a good propensity to

compaction. Before preparing the material, all the

granulates are dried at the ambient atmosphere in

order to control the weight of water introduced into

Fig. 7. Variation of density
versus number of impacts

Fig. 8. Variation of density
versus number of impacts
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the mixture. All the compositions are mixed during 2

min in a planetary mixing device, which is cleaned and

dried before each use. The material is introduced into

the mould in a Brain’’ way. In general, the test begins 5

min after mixing and the whole test lasts about 15 min.

It is supposed that there is no rheology change during

the test.

For different sets of tests, a constant volume of

material is introduced into the mould with a good

repeatability of the corresponding mass (980 g T 5%).

The specimen of fresh concrete is cylindrical, of diam-

eter � 62 mm, and initial height 200 mm. The initial

density of the specimen is about 1400 kg/m3. The

diameter of the specimen is ten times larger than

the maximum size of the grains. In consequence, we

assume then that there is no scale effect.

Standard Measurements as a Proctor Test

Direct results are given by the standard Proctor test

measurements. The results show the variation of the

apparent density > versus the number of impacts N.

The observation of the specimen after the test allows

to confirm qualitatively that the material is not

homogeneous in the height [12]. That is the reason

why the apparent density > is considered.

The results of three different complete tests are

presented in Fig. 7. They show the variation of the

density > versus the number of impacts N, that tends

toward a stable value. We can notice that 55% of the

total densification is achieved within the very first

impact. After the tenth impact, the densification

process tends to be very slow. The influence of an

Fig. 9. Measurement of
stresses at the interfaces.
Impact number 1

Fig. 10. Measurement of
stresses at the interfaces.
Impact number 2
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increasing drop height of the impact bar is an

increase of the density achieved for a given number

of impacts.

The standard Proctor semi-logarithmic curve is

given in Fig. 8. The energy is normalized by the energy

of one impact at the smallest velocity. It shows that the

three different tests are equivalent on the Proctor

curves. Clearly, such results provide only very limited

information on the studied materials.

Contribution of the Hopkinson Bar Measurement

The measurements given by the Hopkinson bars are

presented here by plotting the stress versus the time

Ai(t), or versus the apparent density Ai(>). Since the

stress field within the specimen is not homogeneous,

the stress is taken as the impact stress, measured at the

interface with the impact bar. It is interesting to note

that the initial impact on the fresh concrete (Fig. 9) is

very different from successive impacts afterwards (Fig.

10).

In fact, during the first impact (Fig. 9), the measured

stress remains very low until the instant tc. After tc, the

signal is similar to those of next impacts (see Fig. 10),

except that the rapid increase of the stress occurs first

in the output bar. For next impacts it happens first in

the input bar. The particularity of the initial impact

reveals probably very different deforming regime.

Here in this paper, we focus only on general aspect

of successive impact tests after the first initial impact.

The measurement of impact force and displacement

history by the Hopkinson bars provides a possibility to

compare quantitatively quasi-static and impact regimes.

Figure 11 shows a result of such a comparison. In the

quasi-static case, the compression is applied with a

constant velocity of 0.1 mm/s on a standard hydraulic

Fig. 11. Curve of compacti-
bility associated to a com-
plete test

Fig. 12. Comparison of the
compactibility of the fresh
concrete submitted to
dynamic (dots, with the
number of impacts) and
quasi-static (solid line) load
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testing machine with the same mould as for the impact

tests. For the impact case, if we concatenate all the

successive stress-displacement curves for all the impact

tests, we can construct a general stress-displacement

curve for the whole test. The dashed lines correspond

to elementary impact tests, the displacement being

calculated by the program using equation (5). All

the elementary curves are then offset so that the

maximal value of the displacement be consistent with

the value of the height of the specimen measured

after each impact. The dots correspond to the maximal

values of stress during each impact. The results show

that the impact loading is more efficient for the fresh

concrete compaction, in the sense that the energy

necessary to compact the concrete to a given level of

displacement is smaller under impact loading (up to 30

impacts).

One can also use another curve depicting the

variation of stress versus density for a complete test.

In order to show the influence of impacting velocities,

results of three complete tests with different impact

velocities are compared in Fig. 12. Here only the

envelope of all the curves Ai(>) calculated from each

impact is plotted for the reason of readability. They

are compared to a standard nominal stress versus

apparent density curve, calculated from a compaction

test performed in quasi-static conditions. The results

show that the fresh concrete submitted to repeated

impacts can be compacted to higher densities with

lower stresses. When the drop height of the input bars

increases, the densification is getting higher and more

rapid. However, the compacting efficiency is reduced

because the increase of the impact velocity induces an

increase of impacting stresses.

Conclusions

An original test has been presented to measure the

compacting efficiency of soft compressible fresh con-

cretes under impact loading. It has been used to study

the compacting behaviour of one particular moulded

fresh concrete. The test proposes an instrumentation

of a standard Proctor test by using Hopkinson bars,

which allow for the measurement of stress and

displacement in transitory dynamics. Nylon bars are

necessary to be used given that the fresh concrete is

highly compressible under low stresses. The presented

instrumentation allows for the following original

results:

& the compaction regime for the initial impact is very

different from next successive impacts,

& the compaction under impact loading (1.1 m/s to

2.5 m/s) is more efficient than the quasi-static case

in the sense of less energy consuming (lower

stresses),

& however, the increase of impacting velocity leads to

higher stresses at a given compaction level.

Such result show that impact loading is more effi-

cient than quasi-static one and it seems that lower

velocity impact induces a lower stress level. An op-

timised industrial compacting process is then possible.
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