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Behavior of plain concrete subjected to tensile loading at high strain-rate
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ABSTRACT The lesults obtained during a testing program for tensile behavior over a large range of strain-
rates (10 to 10 s') are summarized in this paper. The tests have been performed on cube specimens of 200
mm and 60 mm sides with aggregates of 5, 10 and 25 mm size. The high strain-rate tests have been carried
out using a large Hopkinson bar bundle equipment. The aim of this study was to produce new data on basic
subject of industrial importance that is the behavior of plain concrete at the strain rates corresponding to those

caused by quasi-static, earthquake and impact loading.

1 INTRODUCTION

In the recent years the discussion on strain-rate
problem of concrete has been opened-up because of
the increased use of normal and very high strength
concrete in special structures as well as because of
the several new fields of interest (from defensive
structures to demolition of old buildings). However,
due to the difficulty in the realization of tests, only
few experimental data are available. For this reason
a large scale experimental exercise on concrete sub-
jected to dynamic load has been conceived using a
new methodology.

For high strain-rate studies two experimental tech-
niques are generally used: the technique of drop
weight and that of Hopkinson bar. A variation of the
latter technique, called the Hopkinson Bar Bundle
(HBB) (Albertini et al. 1994, 1997, 1998, 1999), was
used in this study. These results are part of a broader
research program on the uniaxial dynamic behavior
of concrete, developed in the context of the “Access
to Large Scale Facilities” action of the Frame Work
Program of the European Union.

The present paper describes experimental results of
tensile tests of plain concrete at strain rates corre-
sponding to those induced by quasi-static, earth-
quake and impact loading.

2 MATERIALS

For the concrete mix a crushed limestone aggregate,
subdivided in 7 classes from powder to 25 mm
maximum size, and a Portland cement (CEM I 42.5)
were used.
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The concrete has been characterized on the basis of
several properties like rheological properties (work-
ability of the fresh mix), mechanical properties (de-
velopment of the strength in tension and compres-
sion), elastic properties (development of the static,
dynamic and vibration elastic modulus) etc. Fur-
thermore, fracture mechanics tests were performed
to evaluate the fracture energy characteristics. The
specimens for the general concrete characterization
were cured in an accurately controlled environ-
mental condition: 20°C and 95% R.H.

Table 1. Concrete Mix design

Components (kg/m®)
Aggregate 1880
Cement CEM 142.5 395
Superplasticizer 6.5
Water 201
Volumetric mass 2482

The concrete mechanical characteristics were evalu-
ated as follows:

- the static elastic modulus (SEM) was evaluated on
3 pnsms 15x15%60 cm® measuring by LVDT the
strain in loading cycles between 0.5 and 5 MPa.
Furthermore, the vibration (VEM) and dynamic
elastic modulus (DEM) was also evaluated on
16x16x48 cm® prisms by means of ultrasonic wave
propagation and resonance frequency in bending
condition respectively.

- the compressive cubic strengths were evaluated
after 28 days on cubic specimen 15 cm in side, car-
ried out with a loading rate of 0.50 MPa/s.

- the fracture energy and the flexural tensile stress
were obtained by three point bending test on



(10x10x84 cm3) notched prisms, following the RI-
LEM recommendatipn.

The average properties of concrete were as follows:

Static elastic modulus 43,1 GPa
Dynamic elastic modulus 54.8 GPa
Vibration elastic modulus 41.4 GPa
Compressive strength 46.2 MPa
Fracture energy ,Gg 147.6 N/m
Flexural tensile strength, fir 4.4 MPa

3 EXPERIMENTAL TECHNIQUES

The quasi-static tests have been performed using a
servo-controlled universal machine. Other tests at
medijum and high strain-rates have been carried out
using the following techniques:

3.1 Hydro-pneumatic device for small specimen

The tests in the range of 102+10” s on cubes side
60 mm were carried out by means of a hydro-
pneumatic device developed at the JRC. The device
can be set to perform either at constant strain rate or
at constant stress. For a test at a constant strain-rate
water is put into the upper tank of the device, and
both chambers are loaded at.an equal pressure; after
the membrane has been punctured, the liquid flows
out through a calibrated orifice at constant strain-
rate, thus imposing a strain on the specimen. The
pressure acting on the piston governs the displace-
ment velocity, because the pressure load is greater
than the force needed for breaking the specimen.

The scheme of the device is shown in Figure 1.

The displacements of the specimen ends were re-
corded by means of an opto-electronic device. The
mean strain was obtained by dividing the difference
between the end displacements by the specimen
length.

HALF BAR FOR INCIDENT PULSE
SUBDIVIDED N PRYSMS

STRAIN GAUGES FOR
INCIDENT AND
REFLEGTED PULSES

STRAIN GAUGES
FOR TRANSMITTED

GROUND GLUEO CUBIC CONCRETE
SPECIMEN

HALF BAR FOR TRANSMITTED
PULSE SUBDMDED IN PRYSMS

Figure 1. Hydro-pneumatic device for small specimens.

3.2 Hydro-pneumatic device for large specimen

The tests were carried out using the Bar Bundle
connected to hydro-pneumatic device. The medium
and low strain-rate tests were conducted by means of
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a command device with a cylinder that can produce
a tensile or compressive pressure effect under con-
trol by a valve; the calibration of this valve has a lin-
ear variation in time. The linear increasing velocity
is characterized by governing flow (manual setting)
that permit to obtain constant capacity sufficient to
realize the established value of load increment in the
time.

The limits of this device are 500 kN in 0.25 s in
tension and 500 kN in about 250 s.

3.3 High Strain-rate tests

The Hopkinson Bar Bundle (HBB) has been de-
veloped and installed in the Large Dynamic Testing
Facility (LDTF) of the Joint Research Centre at Is-
pra (see Figure 2). The HBB is a special equipment
that enables precise measurement of the stress-strain
diagram, including the softening branch, which is
important for the correct evaluation of the energy
absorption capability of plain concrete used in civil
engineering structures. The HBB system consists of
two bundles of 25 aluminum smaller bars, to each of
which the concrete test specimen is glued using an
epoxy resin. Using this technique concrete speci-
mens with square cross section of 200 x 200 mm?
were tested. Strain gauges on each individual bar in
the bundles enables measurement of the incident, re-
flected and transmitted pulses on each portion of the
concrete specimen cross-section demarcated by each
aligned pair of bars in the two bundles.

Figure 2. Experimental set-up: 1. hydraulic actuator; 2. high
strength steel cables for energy storage (100 m); 3. explosive
bolt; 4. loading bar; 5. hydraulic dampers; 6. strain gauges to
measure incident and reflected pulses; 7. strain gauges to
measure transmitted pulses; 8. load direction; 9. instrumented
input solid aluminum bar; 10. instrumented output solid alumi-
num bar; 11. specimen; 12 elementary input bar bundle; 13.
elementary output bar bundle.

A test with the LDTF-HBB is performed as fol-
lows:

- a hydraulic actuator, of maximum loading ca-
pacity of 5 MN, is used to pull 32 cables of high
strength steel having a length of 100 m; the preten-
sion stored in these cables is resisted by one



grounded explosive bolt in the blocking device (see
Figure 2);

- the second operatiorris the rupture of the explo-
sive bolt which gives rise to a tensile mechanical
pulse of 40 ms duration with linear loading rate
during the rise time, propagating along the Hopkin-
son bar bundle and bringing to fracture the plain
concrete specimen.

The application of the uniaxial propagation the-
ory of elastic stress waves along bars having small
transverse dimensions with respect to the wave-
length of the applied stress pulse allows the calcula-
tion of the following quantities (Davies 1948, Lind-
holm 1971).

o History and amplitude P(t) of the loading pulse
generated by the pretensioned bar and propa-
gated towards the specimen along the incident
(input) bar

P(t)=A; E;" &,(1) M

where: t = time; A; =Input bar cross section area; E=
elastic modulus of the input bar; g(t)= elastic strain
of the input bar caused by the incident pulse.

o History and amplitude of loading R(t) at both
ends, connected to the specimen, of the incident
and transmission bars.

Rinput =Ap Ep [e(t) + er(t)] @)
Roulpulz Ap Eyp € T(t) (3)

where: Ao = Output bar cross section area; Ey =
elastic modulus of the output bar; ex(t)= elastic
strain of the input bar caused by the reflected pulse;
gr(t)= elastic strain of the output bar caused by the
transmitted pulse.

o History and amplitude of displacement S(t) at
both ends, connected to the specimen, of the in-
put and output bars

Sinpul (t) = COJ: [81 (t) - 87- (t)]df (4)

Suupa 0= Co  ler @]t )
where Cy is the bar elastic uniaxial wave speed

The HBB bar system satisfies the condition of
applicabilty of the uniaxial elastic wave propagation
theory because the pulse wavelength (100m) is much
higher than the transversal length of the bar (~0.3
m). Therefore, whatever the length of specimen in-
serted between the input and output bars, the modi-
fied Hopkinson’s bar equipment described can be
considered as a transducer system which allows the

measurements of the load-displacement characteris-
tic of the specimen by exerting strict control over the
stress wave propagation.

Finally, when the specimen is short, so that the
travel time of the elasto-plastic wave through the
specimen is small in comparison to the duration of
the test, the specimen can be considered as being in
load equilibrium at its ends, and in homogeneous
stress state created by many wave reflections taking
place at the ends (interfaces specimen-bars) of the
specimen. These last experimental conditions con-
stitute the basic assumptions in order to calculate the
average stress-strain characteristics of the specimen
material at different strain rates, which are given by
the following equations:

o  Stress
A
oc(t)y=E—e¢e, (¢ 6
® Y r () (6)
o Strain
2C, [ £, (0dt
£(t)= @)
L.\'
o  Strain rate
, 2C,
E)=——"e,(1) ®)
L.Y
where: A; = specimen cross section area and

Le=specimen length.

4 EXPERIMENTAL RESULTS

The experimental results on small size concrete cu-
bic (60 mm side) specimens have been obtained us-
ing different testing methods for the different cases
of loading rate. They were: Hopkinson bar technique
for the impact case; Hydro-pneumatic device for the
earthquake one and the direct tensile test (universal
machine) for the quasi-static case. The results ob-
tained at the high, medium and quasi-static strain-
rate are summarized in Table 2.

The results of the experiments carried out on con-
crete specimens (cube 200 mm side, 25 mm maxi-
mum aggregate size) cured at three different curing
conditions and tested at three strain rates are re-
ported in Table 3.

The increase of the tensile strength with increasing
relative humidity (Cadoni et al. 2001) inside the
concrete is clearly observed for impact loads (Tab.
3). A slight decrease of tensile strength is instead
noticed for saturated concrete specimens under
quasi-static loads. Furthermore, these results show
that different levels of free water inside the speci-
men have an important influence on the sensitivity
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Table 2. Strain-rate effect on tensile strength in two different
materials (5 and 10 mm maximum aggregate size) on cubic
specimens 60 mm side.

Type of Strain Tensile Tensile
loads rate Strength Strength
s (max aggr.  (max aggr.

size 5 mm) size 10 mm)
[MPa] [MPa]

Hard Impact 10 11.8 105

Soft Impact 1 9.2 74

Earthquake 107 2.5 4.4

Quasi-Static 10 2.7 3.6

Table 3. Strain-rate effect on the tensile strength of the con-
crete cured at three different curing conditions

Type of  Strain rate Tensile
loads Strength
Specimens Specimens Specimens
dryingat  20°C-50% saturated
50°C R.H. cur-
ing
[s7] [MPa] [MPa] [MPa]
Hard Impact 10 5.16 6.56 9.26
Soft Impact 1 4.03 5.51 6.70
Quasi-Static 10 3.28 3.53 3.03

of the concrete response to the strain-rate.

All the average results (Cadoni et al. 2000) are
summarized in Figure 3, where the ratio of maxi-
mum tensile strength at high strain rate to quasi-
static maximum tensile strength is shown in function
of the strain-rate. It must be considered that these re-
sults include size effect (caused by different size of
cubes and different aggregate size) and regard
specimens with standard curing conditions (95%
R.H., 20°C). In Figure 4 the comparison between
two stress vs. strain curves is shown.

In Table 4 are shown the results obtained with
plain concrete with 10 mm maximum aggregate size.
These data describe the variation of the mechanical
characteristic as a function of the strain rate. The
specimen were cubic 60 mm side. The values of
strain, stress, elastic modulus and specific fracture
energy increase with the strain-rate. This fact means
that at high strain rate the material increase its ab-
sorption capability.

5 FRACTURE PROCESS OF PLAIN CONCRETE
AT HIGH LOADING RATE

It is well known from the literature (Reinhardt
1982, Rossi et al. 1982) that the mechanical proper-
ties of concrete are strain-rate dependent so that the
strength is higher at high loading rates. One impor-
tant reason is the fracture phenomenon: in the static
case the cracks follow the weaker aggregate-mortar
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Table 4: Mechanical characteristic variation of plain concrete
with 10 mm maximum aggregate size measured on cubic
specimens 60 mm side.

Type of Strain ~ Tensile Max. Elastic Fracture
loads rate strength  strain  modulus energy
' [MPa]  [%] [GPa] [N/m]

Hard Impact 10 10.52 236 76.7 397
Soft Impact 1 737 163 595 89
Quasi-Static 10 3.61 - 37.3 68




interface; in the dynamic case the cracks propagate
also through the hard aggregate. Another aspect is
that in the dynamic case’ it is normally not just one
crack present; often many cracks are activated. For
these reason a local analysis of the specimen is es-
sential and the HBB technique provides an answer to
this necessity.

During the fracturing process each Nth pair of
specular bars of the two bundles, which are indi-
vidually instrumented with strain gauges, measure
the incident, reflected and transmitted pulses ° 1 ,
° RN , ° TN , only in the portion of the specimen
cross-section facing the cross-sections of this par-
ticular pair.

It is postulated that during the fracturing process
each pair of the specular bars of the bundles will be
in one of the following physical situations (Albertini
et al. 1999):

- Facing an uncracked portion of the specimen
cross-section, therefore measuring a relatively small
reflected pulse ° gy and a large transmitted pulse
° TN

- Facing a semi-cracked portion of the specimen
cross-section, therefore in the measurement situation
where ° gy is strongly increasing and ° Ty strongly
decreasing

- Facing a totally cracked portion of the specimen
cross-section, therefore measuring a reflected pulse
* gy Of equal amplitude and of opposite sign to the
incident pulse ¢ 1y, while the correlated transmitted
pulse decreases to ® oy =0

In the following analysis, the beginning of the
fracturing process has been considered to be the
moment at which the first of the bars of the bundle
shows the maximum load of the portion of the
specimen cross-section facing it. In other words, the
concrete part facing the Nth bar of the bundle begins
to fracture when the corresponding transmitted pulse
° N reaches its maximum and begins to decrease.
Figures 5 and 6 compare the time instants and the
locations (bars of the bundle) on the specimen cross-
section in which ¢ Ty reaches its maximum, with the
total load value. From this correlation established in
Figures 5 and 6 it can be seen that the fracturing
process begins in the ascending branch of the total
load resisted by the specimen,; the total load in Fig-
ures 5 and 6 has been measured on the whole bar
and as a sum of the loads on the bars of the bundle.
Interesting correlation is also possible by comparing
the stress-strain diagrams obtained from each bar
pair of the bundle with the morphology of the corre-
sponding part of the specimen cross-section (e.g.
mix percentages of mortar and aggregates). From
this analysis it can be seen that:

- the initiation of the first crack at 121 ps corre-
sponds to the beginning of the loss of linearity of the
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ascending branch of the total loading;

- in ten microseconds the crack initiation spreads
over the whole specimen cross-section revealing the
multi-activation mode of the fracture process;

- the spread time of the crack initiation over the
whole cross-section (from 121 to 131 ps) corre-
sponds to the beginning of the total loading soften-
ing branch.

Taking into account the last observations it is
possible to define a more refined analysis method
for the construction of the true stress-strain diagram
starting from the bar bundle records. This refined
method introduces for each elementary bundle bar
an evaluation of the residual resisting cross-section
Arrug of the Nth facing part of the concrete speci-
men by decreasing the initial value Ay by an amount
which takes into account the separation due to the
crack propagation.
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Figure 5. Total load vs. time curves of the bundle bar and
whole bar compared with crack initiation when ¢ py = max

The cracking process of concrete subjected to
tensile loading is normally described using a fracture
mechanics approach. The behavior in tension can be
represented by different phases. First of all it must
be recalled that due to shrinkage of the matrix re-
strained by the aggregate in the material, micro-
damage is present. It is possible to find micro-cracks
with the same probability in all volume elements be-
cause they are randomly distributed. When the stress
increases, these micro-cracks grow and crack local-
ization take place, forming some macro-cracks. Fi-
nally, the macro-cracks propagate leading to failure
the specimen.

When the strain-rate is increased from 1 s to 10
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Figure 6. Total load vs. time curves of the bundle bar and
whole bar compared with crack initiation when ¢ 1y = max

s the stress wave propagation effects on the crack-
ing process changes must be considered; in fact,
while in the static case the crack chooses the way
with the minimum energy requirement (i.e. matrix-
aggregate interfaces), in the dynamic one the wave
propagation also induces cracking in the tougher ag-
gregate. Using the information obtained from the
bundle bar it is possible to describe the mode and the
growth of the fracture through the cross-section of
the specimen.

The fracture propagation has been represented by
means of diagrams in which the positions of cracks
at successive times on the ‘specimen cross-section
have been indicated by iso-chrono curves. In Figures
7 and 8 the crack propagation is shown for two tests
at 10 and 1 s respectively, where the iso-chrono
curves of the positions of the cracks during the
fracture process are indicated. It can be observed
that in the case of impact load (Fig. 7) there is not a
unique crack starting and growing from a single

point but there are many macro-cracks starting si-
multaneously and propagating from many points; in
other words the multiactivation of cracks is present.

The multiactivation of cracks leading to fracture
is also confirmed by the observation from Figure 7
that in the very short time of about 20 ms the crack
initiation is spread all over the specimen cross-
section.

The multiactivation of fracture is an effect of the
impact loading. Cracks are growing so rapidly and
are so well distributed over the specimen cross-
section that all material particles are accelerated by
the pulse and there is no time to concentrate the load
only on the weakest place; many weak points are
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Figure 7. Crack propagation of specimen (concrete with 25 mm
maximum aggregate size) at strain-rates 10 5™

W/

e

Figure 8. Crack propagation of specimen (concrete with 25 mm
maximum aggregate size) at strain-rates 1 s

257 |

simultaneously brought to fracture by the load wave.
In the tests carried out at strain-rate of 1 s (Fig. 8)
is evident that a single crack propagates through the
cross section, and the cracking process takes about
50 ps to cover the entire cross section.

6 CONCLUSIONS

The study of the dynamic tensile behavior of con-
crete, that falls within a broader experimental cam-
paign, has been performed to answer the necessity to
give guidelines for the design of impact resistant
concrete structures and to establish realistic material
models to be implemented in numerical computa-
tional codes.

The quantity of experimental results obtained is very
large. In this paper some global results have been
presented. Observations of the phenomena arising
from high strain rate loading can be summarized as
follows:

The mechanical properties of the tested plain
concrete show a strain-rate dependence consist-
ing in an increase of strength, ductility and en-
ergy absorption capability with increasing strain-
rate.

The increase of strength, ductility and energy ab-
sorption is non linear and becomes remarkable at



strain-rates where stress wave propagation be-
gins Ito be the mode of loading the specimen
(>1s7).
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