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A series of triaxial tests has been performed on micro-concrete cyltinders. The
specimens have been strained with a constant displacement rate, up to a defor-
mation of about 10 %. Two different domains were distinguished. For low confi-
ning pressures strain softening is observed, the behaviour of the material
becomes ductile for high confining pressures. Continuous measurement of the vo-
lume of fluid which had to be injected or withdrawn from the cell, to keep the
confining pressure constant during the test, allowed to obtain data, concer-
ning the overall Llateral deformations of the specimens. Some specimens were
also subjected to successive loadings with different confining pressures, in
order to study the influence of stress path,

Une série d'essais triaxiaux a été effectuée sur des cylindres de micro-béton.
Les éprouvettes ont été chargées 3 vitesse de déplacement imposée, jusqu's une
déformation axiale voisine de 10 %. Deux domaines ont été mis en évidence : a
basse pression de confinement les courbes obtenus ont une branche descendante,
le comportement du matériau devient ductile pour des pressions de confinement
élevées. La mesure de la quantité de fluide qu'il était nécessaire de retirer,
ou d'injecter, dans la cellule, pour maintenir La pression de confinement cons-
tante, 3 fourni une mesure globale des déformations latérales det éprouvettes
Des chargements successifs a des pressions de confinement différentes ont permis
d'étudier L'inflience de certaines trajets de chargement.
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Under accidental circumstances, concrete structures can be subjectea tc imgor-
tant multiaxia! stresses, while the material undergoes very hiaht detormations.
One typical example is the perforation of a reinforced slab by a rigid missile
while penetrations occurs, high shear stresses appear in the vicinity of the
lateral boundary of the missile, while all the principal stresses are compres-
sive. fFrom a safety point of view, it is necessary to perform mechanical ana-
lysis ot such cases. One of the main problems associated with such an analysis
is that after fracture occured, -oncrete is not continuous anymore. An equiva-
lent homogeneous material has then to be defined in order to stay within the
frame of continuous mechanics.

The constitutive relations for this material have then to be representative of
the overall behaviour of actual concrete, when subjected to high strains even-
tually leading to fracture.

Extensive experimental studies have already been carried out in order charac-
terize triaxial behaviour of concrete (References 1 to 9). However, most of

the tests have been stoped after the maximum load bearing capacity of the spe-
cimen was reached. At Low confining pressures, it was then impossible to observe
strain softening. On the other hand, constitutive relations for an equivalent
material have to represent accurately the overall deformations of fractured con-
crete. In a conventional triaxial test, where a cylindrical specimen is axially
strained under constant lateral stress, it is then necessary to measure the
axial and lateral overall deformations of the sample, even if fracture and
strain softening occurs. This problem has been sclved in the field of rock
mechanics (10), (11). A similar experimental set up was developped for concrete
testing.

Complete stress-strain curves were obtained in the case of micro-concrete.late-
ral strain-longitudinal strain cruves were also recorded.

2. EXPERIMEN

2.1 - Specimen preparation

The admixture, for 1 m3 of cast micro~concrete, was the following :

- sand 2.5 mm/5 mm : 1180 kg
- sand 0.8 mm/2.5 mm : 275 kg
- sand 0.2 mm/0.8 mm : 415 kg
- cement CPA 55 : 340 kg
- water : 180 L

The specimens were cast in cylindrical molds @ 11 c¢m, H 22 ¢m, and vibrated.
The molds where then sealed and stored at 20°C. After 48 hours the specimens
were removed from the molds, and stored for 30 days at 20°C and 65 % relative
humidity. Grinding was then performed, so that the parallelism defect between
the two faces of the specimens was less than 0.02 mm. The cylinders were fina-
ly stored in the same conditions than above, for 180 more days before testing.
Some samples were equiped with two strain gages of 70 mm active length. One
strain gaugewas in the axial direction, the other one in the transverse direc-
tion,

2.2 - Experimental device

The experimental device was a classical one : A 2500 kN hydraulic, servo-con-
trolled testing machine was used to apply the axial lLoad. The specimens were
jackated in rubber sleeves which had been specially studied in orfder to avoid
any leakage, even if the sample was severely fractured. The steel spacers used
to apply the load were directly in contact with the faces of the specimen. The
axial force F transmited to the sample was measured externally, by use of the
load cell of the testing machine. The axial displacement. S of the actuator was
measured by means of an LVDT transducer. An analogical device, using the force
signal as in input, was calibrated in order to record continuously the elastic
displacement due to the deformation of the loading frame and spacers. This
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guartity wmat substrazted from tre sianal S, in order to directiv oftain the
relative CIsplacemer.t delween the two taces o0t the micro-concrete s ii1nger .

Tne piston of the pressure generator connected to the celt was also eguiped
with an LVDT transducer, in order to record the volume variation AV necessary
to keep the confining pressure P constant. The pressure P was servo—control led,
with an independant system.

The error associated with all the measurements was - 7 .

2.3 - Load path

The specimen were first toaded hydrostatically, at a constant rate of 1 MPa/s
up to the selected confining pressure. The confining pressure was then kept
constant. After this initial loading, the sample were strained axially at a
constant actuator displacement rate of 0.11 mm/s. Unloading occured after a
totat displacement of 2 cm.

2.4 - Presentation of results

In order to present the results in terms of nominat stress and nominal strains,
it was assumed that throughout the tests, the shape of the samples remainded
cylindrical. This assumption can only be accepted as a first approximation,
since friction between the Loading spacers and the specimen results in a compli-
cated state of stresses and strains within the sample.

Let o; and €; be the nominal axial stress and axial strain of the specimen,

0, = 0, and €5 = €3, the nominal lateral stresses and strains. The above as-
sumption then leads to the following expressions.

g g = F
R AV
+
S H=-26
G = 03 =P
e, = Log (1 +%>
1 - AV
€2 = €3 =7 log L1 *m}
with : F = axial load
P = confining pressure
S = grors section of the specimen after hydrostatic loading
H = Heigth of the specimen after hydrostatic loading
8§ = relative displacement between the two faces of the specimen
AV = fluid volume variation necessary to keep the confining pressure

constant

3. EXPERIMENTAL RESULTS FOR CONVENTIONAL TRIAXIAL TESTS
3.1 - Hydrostatic loading

A series of 3 tests was first performed in order to characterize the behaviour
of the material under hydrostatic loading. For these tests, the specimens were
equiped with strain gauges. The error associated with the strain measurements is
t &4 %. Figure 1 presents the mean curve obtained after averaging all the expe-
rimental values. The scatter is relatively important, since some differences
between the measured and mean values of the strain was 20 %. However, there

is no significant difference between the output from the longitudinal and trans=-
verse straingauges. After testing, no visible sign of dawage could be observed
on the specimens.

3.2 - Triaxial loading

Triaxial loading of 3 specimens was performed for each of the following confi-
ning pressures : 0,3 MPa, 10 MPa, 25 MPa, 50 MPa, 100 MPa. Figures 2 and 3 pre-
sent the obtained results. Each curve presents the mean values obtained out
of the 3 tests,for a specific confining pressure. The experimental scatter is

~




J o N

10Q relativels tow. The Oifférence
P(MPa) between measured and mean values
never exceeds 10 7%.
| 8d /
« FIGURE 1 : Compressibility of the
micro-concrete
60 _
40
20
e(10 )
0 L : TR !
FIGURE 2 : Nominal lateral : +
strain - Mominal axial
strain curves for the
micro-concrete
75 T T T
3 —€ 1107 .
, . Oy=3MP2
i
E -~ _-0}: wovPe
'
; ___03:25:‘1?5
- _0-3:500"'?&
TR TRED
!

100 i




o 4 - TIUAXIKL EXIEHAENT FUR (ONCIEDL
{POSITIVE (OMPRESSION}

0y=100MP2

150 .
o,-Sonh

Wwe

0)s251P2

S0
03:10MPa

0)sInPa

£y

e ] 50 7 10

« FIGURE 3 - Nominal Stress
Nominal strain curves
for the micro-concrete

Up to a confining pressure of 25 MPa
strain softening is observed. The
slope of the descending branch of the
curves increases with the confining
pressure. The obtained results sug-
gest that after strain softening, the
behaviour of the material becomes
assymptotically perfectly plastic.
For confining pressures of 50 MPa and
100 MPa, the behaviour of the micro-
concrete is plastic. However, the
test performed at a 100 MPa confining
pressure had to be stopped for a re-
latively low axial strain, since the
maximum load capability of the tes-
ting machine was reached.

For confining pressures of 3 MPa, and
10 MPa, the curves on figure 3, show
that before the maximum stress is
reached, dilatance causes a signifi-
cant relative increase of lateral
strains. After most of the strain
softening has occured, the slope of
the curves tends to decrease towards
a constant value. At 25 MPa confining
pressure, the slope of the curve in-

creases before the maximum stress has

been reached, it directly tends
towards a constant value.

For confining pressures of 50 MPa and 100 MPa, the initial slope of the curves
is comparable to the values obtained in the previous tests. After a very short
strain, the slope decreases to a lew value, and increases again while the spe-

cimen is strained.

The aspect of the specimens after testing depended upen the confining pressure :
for confining pressures less than,or equal to 10 MPa, well individualized, open
fractures could be observed. Their inclination with respect to the cylinder axis
was about 25°. For 25 MPa confining pressure, the fractures tended to be Smeared
within the sample. They were Less open, their inclination was about 30°. For
confining pressures of 50 MPa and 100 MPa, no visible sign of mechanical damage

could be observed on the cylinders.

4. SUCCESSIVE LOADINGS AT DIFFERENT CONFINING PRESSURES

4.1 - High and low confining pressures

The following loading sequence was performed on 3 cylinders : _
- Hydrostatic loading up to 50 MPa, axial loading up to a strain of 50 10 3,

axial unloading,

- Reduction of the confining pressure down to 3 MPa, axial loading up to a strain

of 25 10 ®, axial unloading,

- Hydrostatic loading up to 50 MPa, axial loading up to a strain of 50 MPa, fi-

nal unloading.

Figures & and 5 show the obtained results.




: Axial nominal
stress-axial nominal strain
for successive loadings at
50 MPa and 3 MFa confining

[ e + FIGURE &
01703 lI
(MPa) :
125 | / ’///”“‘ ressures
| / P
03=50 MPa g 3=50 MPa
§
10
75
[ ]
50 03=3MPa I
/\ S
2514
81(1 -,3)
0
FIGURE 5 : Lateral nominal strain-axial nominal strain for successive
loadings at 50 MPa and 3 MPa confining pressures
|7 ———— .
- €310 %)
i > yd 62
! 27 T
' . {s 7/
P
‘4
;/3;/// 25,108
_c( MPa ’ '
oM

ey €10 3



When compared to the curves on figures 2 and 3, the obtained results show that :

- strain softening performed at low confining pressure has a slight influence
upon the axial behaviour of a specimen, when loaded again at high confining
pressure.

- axjal straining at high confining pressure has a great influence upon the
lateral behaviour cf a specimen, when subsequently strained at low confining
pressure.

4.2 - Low confining pressures

In order to get some informations about the evolution of the loading surface
when strain softening occurs, successive loadings were performed on a series

of specimen for 3 MPa, 5 MPa, and 7 MPa confining pressures. Unfortunalely,

the cement used to cast these last samples was slighly different from the
previous one, and the experimental results are self concistent, but not direc-
tly comparable to the one presented before :

It was assumed that the loading surface was reached in the two following situa-
tions :

- when the maximum stress was reached, in a strain softening case,

~ at the begining of linear plastic deformation in case of ductile behaviour.
The specimens were first strained until the loading surface was reached and ins-—
tantaneously unloaded. This was done for different confining pressures. Strain
softening was then achieved, and the same method was applied again, in order

to obtain the new loading surface. The obtained results are presented on
figure 6.

FIGURE 6 : Evolution of the loading surface in the o; - o, plane
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It can be seen that when initial strain softening occurs, the trace of the loa-
cing curve in the oy - o3 plane first undergoes translation and rotation. When
subsequent strain softening is performed, translation only is observed.

5. CONCLUSION

The triaxial tests performed on micro-concrete specimens showed that when the
confining pressures increases, the behaviour of the material evoluates gradual-
ly from drastic strain-softening te classical ductility. Lateral strains of the
samples were also measured in all cases. It was found that the overall trans-
verse deformations of the micro-concrete are also strongly dependent upon the
confining pressure.

Some informations were finally obtained, about the effect of different loading
histories, upon the subsequent behaviour of the material.
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