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Abstract

Self-compacting concrete (SCC) mixtures are usually designed with higher volumes of paste than vibrated concrete mixtures.
The results reported in this paper come from a study of nine SCC concrete mixtures. Volume of paste was varied between 291 and
4571/m>. One of the mixtures had already been used in a large scale test, and the others were designed by varying several parameters
of the reference concrete mixture. Mechanical properties, shrinkage, fracture parameters and fracture process zone (FPZ) size were mea-
sured. Fracture behavior was characterized by means of three-point bending tests and acoustic emission analysis. From the experimental
results, increasing the volume of paste has a restricted effect on strength, unless water content varies. Strength, elastic modulus and frac-
ture resistance slightly decrease with an increase in paste content. Volume of paste causes an increase in shrinkage and cracking due to
shrinkage. Fracture and acoustic emission analysis show that increasing the volume of paste tends to make SCC more brittle.

© 2007 Published by Elsevier Ltd.
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1. Introduction

Self-compacting concrete (SCC) represents a major evo-
lution in the building industry. Its positive features result
from the elimination of mechanical compaction. Compared
to ordinary vibrated concrete, SCC offers many advantages
in terms of both technology and worker health [1]. For
instance, SCC can be used to solve special casting problems
(congested reinforcement, slender structures, etc.). One
interesting benefit is the enhancement of the working con-
ditions in building sites, especially the suppression of health
problems associated with the vibration task.

To promote the use of SCC, a French project called PN
B@P began in 2000, supported by the building industry
and research laboratories. Studies were performed to
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understand better the behavior of SCC and particularly
shrinkage cracking. Questions about cracking susceptibility
of SCC are often raised, because SCC is designed with a
higher volume of paste than ordinary concrete [2]. The vol-
ume of paste of a concrete mixture is usually defined as the
sum of the volumes of cement, water, mineral addition and
chemical admixtures. Increasing the volume of paste
improves flowability but it may have unexpected effects
on mechanical properties and time-dependent deforma-
tions. For example, drying shrinkage is known to increase
with the volume of paste [3].

This paper compiles the results of an experimental inves-
tigation on the effects of volume of paste on properties
involved in the mechanism of shrinkage cracking. Three
series of concrete mixtures were tested. In the first series,
the volume of paste of a reference mixture was varied with
constant proportions. In the second and third series, the
volume of paste of the reference mixture was varied by
changing, respectively, the water content or the mineral
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addition content. The characterization of the mixtures
included mechanical tests, free shrinkage measurements
and restrained shrinkage tests (ring tests) to assess the risk
of shrinkage cracking. Moreover, bending tests were per-
formed on some mixtures of the first series to study the
effect of the volume of paste on the fracture behavior.
The experimental data reported in this paper could be use-
ful for optimizing SCC mixtures and for the development
and validation of models.

2. Experimental program
2.1. Materials

A rolled 3/8 mm gravel (G) and well-graded 0/4 mm sea
sand (S) were used in all the mixtures tested in our study.
The sand fines content (<80 um) was lower than 1%. A
CEM I 52.5 cement (C) and limestone filler (LF) were used.
Their compositions and properties are given in Table 1.
The deflocculation of fine particles was ensured thanks to
a polycarbolaxate type superplasticizer (Sp). A viscosity
enhancing agent (VEA) was also used to increase the segre-
gation resistance. The mixtures were made with tap water.
The efficient water content, i.e. the total water content
minus the water volume absorbed by aggregate, is denoted
Weg in the followings.

2.2. Mixtures

An SCC mixture designed with the previously described
contents was used during the PN B@P in a large scale test
in Guerville, France. This concrete mixture, called Ref, is
taken as a reference of the three series of mixtures
described hereafter. All the mixtures have the same G/S
and VEA/ W4 ratios.

— Series 1 (Table 2). The volume of paste of the Ref mix-
ture, denoted Vp, is reduced or increased within a range
of —30% to +10 %, in order to obtain four other mix-
tures. The volume of paste is changed but its composi-
tion remains the same, i.e. the W.4/C and LF/C ratios
are all kept constant.

— Series 2 (Table 3). The efficient water content (W.g) is
increased by 20 and 40 I by reducing the aggregate con-
tent. The LF/C ratio is kept constant.

Table 1
Properties of cement and limestone filler
CEM I 52.5 Limestone filler (LF)
Clinker (%) 100 -
CaCOs; (%) - 98
GCsS (%) 60 -
CaS (%) 20 -
C3A (%) 5 -
C4AF (%) 10 -
Blaine (m*/kg) 405 397

— Series 3 (Table 3). The limestone filler content (LF) is
increased or decreased by 44% by changing the aggre-
gate content. The W,g/C ratio is kept constant. It should
be noted that 44% of the limestone filler mass corre-
sponds to 10% of the volume of paste of the Ref
mixture.

The superplasticizer content is adjusted to produce
slump flow between 60 and 80 cm, typical values for
SCC. It is assumed that variations in superplasticizer con-
tent have low effect on hardened concrete properties.

2.3. Experimental procedures

2.3.1. Mixing procedure, fresh state tests and curing

The mixing procedure is the following. Solid contents,
1.e. gravel, sand, cement and limestone filler are first intro-
duced and mixed 30 s. Then, water and VEA are progres-
sively added. After 30s, the superplasticizer is poured
and the constituents are mixed for 3 min.

After mixing, slump flow and flow time, i.e. the time to
reach the final slump flow, are measured. The segregation
resistance is controlled using the sieve test, also called
screen stability test [4]. This test consists in pouring about
4.8 kg of fresh concrete onto a 5 mm sieve. After 2 min, the
weight of the paste which passes through the sieve (lai-
tance) is measured. If the percentage of laitance does not
exceed 15% of the sample, the stability of the tested mixture
is supposed to be satisfactory.

Fifty liters of each mixture were made and cast into
eighteen 11 x 22 cm cylindrical molds, three 7 X 7 x 28 cm
prismatic molds and one ring. Air content was assessed
through measurements of density on the cylindrical sam-
ples at fresh state (see Tables 2 and 3). Before testing, the
specimens were stored in a room at 20 °C and 95% relative
humidity (RH).

2.3.2. Mechanical properties

Mechanical properties (compressive strength, tensile
strength, elastic modulus) were measured on 11 x22cm
cylinders at 2, 7 and 28 days. Tensile strength was assessed
through splitting tests. The elastic modulus was determined
with a Grindosonic apparatus. This device gives the fre-
quency of a vibration created by a slight shock on the sam-
ple and the elastic modulus is calculated from this
frequency with the Spinner and Teft Model [S]. All tests
were carried on three samples and the given results are
average values.

2.3.3. Shrinkage tests

From the age of one day, total shrinkage, i.e. shrinkage
due to drying and cement hydration, was measured on
7x7x28 cm prisms using LVDT sensors, in a room at
20 +£2°C and 50 + 5% RH. Autogenous shrinkage was
measured in the same way, on prisms sealed with a double
layer of adhesive aluminum. In parallel, the mass of
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Table 2
Compositions and properties of the Series 1 mixtures
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Series 1 (kg/m’)

V, —30% Vy —20% Vy, —10% V, (Ref) V,+10%
Gravel 964 906 848 790 732
Sand 817 768 719 670 621
Cement 256 292 329 365 402
Limestone filler 179 204 230 255 281
W 139 159 179 199 219
VEA 0.46 0.53 0.59 0.66 0.73
Sp 6.24 5.44 5.50 5.20 4.92
Vol. of paste (1) 291 332 374 415 457
Vir/ Ve 0.8 0.8 0.8 0.8 0.8
Wea/C 0.54 0.54 0.54 0.54 0.54
Wen/(C + LF) 0.32 0.32 0.32 0.32 0.32
Slump flow (mm) 680 760 800 800 800
Flow time (s) 25 14 7 8 9
Sieve test (%) 0.6 4.9 8.5 15.6 11.1
Density 2.32 2.33 2.31 2.28 2.27
Air content (%) 5.2 34 34 3.4 2.8
fc (MPa) 47.1 46.7 41.5 44.8 41.7
ft (MPa) 4.7 4.5 43 4.1 4.1
E-modulus (GPa) 38.7 37 34.8 34 32.8
Age of cracking (d) >420) >90* >210 120 71
Total shrinkage at 120 d (um/m) 300 330 370 420 450
* The ring test on ¥}, — 20% mixture was stopped at 90 days.
Table 3
Compositions and properties of the Series 2 and 3 mixtures
Vp (Ref) Series 2 (kg/m?) Series 3 (kg/m?)

Wer+201 Wer+401 LF — 44% LF + 44%
Gravel 790 762 734 848 732
Sand 670 646 623 719 621
Cement 365 365 365 365 365
Limestone filler 255 255 255 143 367
Wer 199 219 239 199 199
VEA 0.66 0.73 0.79 0.66 0.66
Sp 5.20 3.30 2.80 5.00 6.20
Vol. of paste (1) 415 433 (V, +4.3%) 452 (V,, +8.9%) 372 (V, — 10%) 456 (V, + 10%)
Vie/Ve 0.8 0.80 0.80 0.46 1.14
Wen/C 0.54 0.60 0.65 0.54 0.54
Wen/(C + LF) 0.32 0.35 0.38 0.39 0.27
Slump flow (mm) 800 700 710 720 760
Flow time (s) 8 6 1 6 7
Sieve test (%) 15.6 2.5 2.7 6.0 7.9
Density 2.28 2.27 2.25 2.28 2.28
Air content (%) 3.4 2.1 1.7 2.8 33
fc (MPa) 44.8 34 33 38.8 42.8
ft (MPa) 4.1 2.9 2.8 3.6 43
E modulus (GPa) 34 324 324 334 33.6
Age of cracking (d) 120 90 >230 >220 180
Total shrinkage at 120 d (um/m) 420 470 525 470 400

7 x 7 x 28 cm specimens was regularly measured in order to
determine the loss of mass due to drying.

2.3.4. Restrained shrinkage tests
The ring tests [6,7] are used to evaluate the risk of crack-
ing due to restrained shrinkage, by measuring an age of

cracking. As shown in Fig. 1, the shrinkage of the concrete
ring is hindered by the steel ring. By measuring the strain of
the steel ring with the help of four strain gauges, it is pos-
sible to calculate the maximal tensile stress in the concrete
ring, as detailed in [6]. A 20 mm notch is placed on the
inner circumference of the steel ring in order to decrease
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Steel ring
R,
Concrete ring R, Tensile stress
profile
at L%
Ry
Strain gage
Ry =85 mm
R, =110 mm
Notch R, =180 mm
Depth = 70 mm
Top view

Fig. 1. Restrained shrinkage test or ring test.

the test duration. The outer circumference of the concrete
ring is covered by an aluminium foil: only the top and bot-
tom surface can dry at 20 + 2 °C and 50 4+ 5% RH. The
cross section of the concrete ring is the same as the
7x7x28 cm specimen of the non-restrained shrinkage
test.

2.3.5. Fracture properties

The concrete fracture was studied by carrying three
points bending tests on nine notched beams. The dimen-
sions of the beams were 100 x 150 x 700 mm® [8]. The
notch was 50 mm high and 2 mm wide. The tests were
crack opening controlled with a rate of 0.05 um/s. Crack
mouth opening displacement (CMOD) was measured
thanks to a sensor placed between two steel plates stuck
on each side of the notch on the bottom face of the speci-
men. The test configuration is shown in Fig. 2.

The bending tests were performed on three mixtures of
the first series: V, — 30%, V, —10% and V,+ 30%. The
fracture behavior is described through the two following
approaches:

e Fracture behavior was first characterized by the fracture
toughness G, i.e. the energy needed to produce a unit
area of crack surface. It is assessed in this work from
the area under the load deflection curve divided by the
ligament area, in agreement with [9] for notched pris-
matic specimens under three-point bending.

force

wo %
\

150 mm
50 mm
support —P /V
steel plate — CMOD sensor

< >

600 mm
< >

700 mm

Fig. 2. Three points bending tests configuration.

Fig. 3. AE transducers placement — rectangular array of 200 X 85 mm?.

e Fracture behavior was also characterized with the
parameters from the two parameter fracture model
(TPFM), i.e. the critical stress intensity factor K. and
the critical crack tip displacement CTOD,.. These mate-
rial parameters are deduced from initial compliance at
peak load using the procedure in [10].

The fracture behavior of the specimens was also studied
by acoustic emission (AE) tests. The technique has been
first developed to monitor and inspect metallic structures.
Then it was applied to concrete structures and now AE
source location may be used to investigate the properties
of the fracture process zone (FPZ) of concrete [11-13]. In
order to follow and to characterize the cracking processes,
three specimens made of the three mixtures were instru-
mented with four piezoelectric transducers (with a reso-
nance frequency of 150 kHz). They formed a rectangular
array of 200 x85mm? on one side of the specimens
(Fig. 3), just above the notch, in order to cover the
expected zone of the FPZ and to minimize the errors in
the AE event location algorithms.

The transducers were coupled to the material with a
silicon glue. The signal detection value (in amplitude) was
set to 35 dB in order to overcome the background noise,
and the detected signals were amplified with 40 dB gain
amplifiers. A planar algorithm, from the commercial soft-
ware AEWin [14], was used for AE location. 2D location
maps of the micro-cracks detected are thus achieved, where
all the events detected in the thickness of the specimen are
projected onto the same place in the maps. The statistical
error of location is about &5 mm, which is calculated from
conventional Hsu Nielsen simulations (used in [15]). The
procedure is accurate if we consider the transducers diam-
eter (15 mm) and the natural heterogeneity of the material
(maximum aggregate size of 8§ mm).

3. Results and discussion
3.1. Mechanical properties

In Fig. 4, the 28-day compressive strength of the Series 1
mixtures is shown to decrease with an increase in volume of
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paste. Note that the dot of the reference mixture, circled on
the figure, is in common for the three series. While the vol-
ume of paste increased by 57%, from 291 1 to 457 1, the 28-
day compressive strength only decreased by 12%, from 47.1
to 41.7 MPa.

This trend could be deduced neither from the W.5/C
ratio, which is kept constant in Series 1, nor from the
variation of air content (roughly estimated at fresh state),
which increased when the volume of paste decreased. Nev-
ertheless, this trend has already been noticed in the case of
vibrated concrete mixtures [16-19]. It has been modeled by
de Larrard through the maximum thickness of paste
(MPT) concept [17]. The author shows that the compres-
sive strength of a concrete mixture decreases with an
increase in MPT, i.e. the maximal interval between two
consecutive gravels. The MPT increases with the volume
of paste.

The opposite trend was reported by Amparano et al.
[20], in a study dealing with concrete mixtures made of vol-
umes of paste in the same range (from 25% to 55%) and
about the same W/C ratio (0.50). In both studies the
decrease or increase in strength is about 10% of the higher
strength, which is relatively low. The two trends could be
consistent and result from the same opposite effects. As it
has been assumed in both analyses, aggregates are gener-
ally stronger than paste, for W/C ratios exceeding 0.5. So
increasing aggregates content is likely to enhance strength
of concrete. But aggregates are surrounded by interface
transition zones (ITZ) that are more porous than the
homogenous matrix [21]. So increasing aggregates volume
increases volume and connectivity of ITZ and weakens
concrete. The combination of these two opposite effects
could result in a slight increase or decrease in strength.
The differences may come from raw materials, composition
parameters, such as the volume ratio of coarse to fine
aggregates, and workability, which may be kept constant
or not.
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Fig. 4. Compressive strength at 28 days vs. volume of paste. Tendency
lines are plotted: bold line (Series 1), fine line (Series 2) and dotted line
(Series 3).

As expected, the compressive strength of Series 2 mix-
tures decreases clearly with an increase in water content
(Fig. 4). This results mainly come from the increase in
W./C ratio (Table 3), since cement content is kept con-
stant and water content increases.

As shown in Fig. 4, the evolution of compressive
strength vs. the volume of paste is not linear when aggre-
gates are replaced by limestone filler. This may be due to
opposite effects of parameters, such as volume of paste,
packing density and limestone chemical activity. Neverthe-
less, the global tendency is an increase of strength with
higher limestone content, probably due to the limestone
activity. The increase in limestone content could also
improve the bond between aggregates and paste in the
ITZ [21].

As seen in Fig. 5, the elastic modulus of the Series 1 mix-
tures decreased with an increase in volume of paste. This
can be explained by the assumption that aggregates are
generally stiffer than paste. As aggregates content decreases
with an increase in volume of paste, the elastic modulus
should also decrease.

In the case of the Series 2 and 3 mixtures, the effects of
the mix-proportions changes on elastic modulus are less
pronounced than those on compressive strength (Fig. 5).
Anyway, the decrease in elastic modulus of Series 2 mix-
tures should be associated with the decrease in aggregates
content and the reduction in paste stiffness with W,.4/C
ratio. As suggested previously, the change in limestone
content in Series 3 may have contrary effects, namely: on
the one hand, the elastic modulus should decrease with
lower aggregates content; on the other hand, the elastic
modulus of paste could increase with higher limestone con-
tent and lower W g/(C + LF) ratio.

3.2. Free shrinkage
In Figs. 6-8, total shrinkage and autogenous shrinkage

are plotted against time. Extrapolation curves are also
plotted to assess shrinkage strains at 400 days.

40 T

3

e e I S

34 | @ Series 1 ‘
|
[] Series 2 :
L

3211 (O Series 3

Elastic modulus (GPa)

|
30 1 \
250 300 350
Volume of paste ()

Fig. 5. Elastic modulus at 28 days vs. volume of paste. Tendency lines are
plotted: bold line (Series 1), fine line (Series 2) and dotted line (Series 3).
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600
—o— A-44 ‘ 1

(4]

o

o
I

—a— Ref

N
o
o

[| —o— A+44%

Shrinkage (um/m)
w
o
o

200 [ A f
100 5 "L""""""""A'u'tbgéhb'u&"s’h'r'u'rikégé'
0
1 10 100
Age (Days)

Fig. 8. Total shrinkage and autogenous shrinkage of the Series 3 mixtures.

The total shrinkage of our mixtures is mainly due to dry-
ing, because autogenous shrinkage is very low: less than
60 um/m at 120 days. This is due to the relatively high
tested Weq/C ratios (W.u/C > 0.5).

From Series 1 measurements, it can be deduced that
shrinkage increased with an increase in the volume of
paste. This result was expected since only paste shrinks
due to drying. The drying kinetic, assessed through loss
of mass measurements, tends also to increase with the vol-
ume of paste (Figs. 9-11). Note that the loss of mass was
expressed in g per unit of sample length in order to permit
a comparison with the shrinkage values expressed in pm/m,
as explained hereafter. In the tested range of volumes of
paste, the shrinkage amplitude at a given time increases
almost linearly with the volume of paste (Fig. 12). This
means that any reduction in volume of paste (AV,) results
in a decrease in shrinkage amplitude (Agg), which can be
roughly calculated by a linear relation: Aeg= oAV, Of
course, the coefficient « depends on both the concrete age
and the properties of the materials, such as the stiffness
of aggregates [3,16].

This relation should also depend on specimen size. In
fact, one should keep in mind that the measured shrinkage
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Fig. 9. Loss of mass of the Series 1 mixtures.
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Fig. 10. Loss of mass of the Series 2 mixtures.
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Fig. 12. Drying shrinkage vs. loss of mass of the Series 1 mixtures.
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Fig. 13. Drying shrinkage vs. loss of mass of the Series 2 mixtures.

is not an intrinsic property, because the moisture gradient
between the drying surface and the core of the specimen
results inevitably in cracking of the concrete skin [22].
This phenomenon can be highlighted in Figs. 13-15. A
calculated drying shrinkage, i.e. total shrinkage minus
autogenous shrinkage, was plotted vs. the loss of mass,
expressed in g/m. Two typical phases can be distinguished
on these curves. During the first one, drying does not gen-
erate shrinkage. This is likely due to the cracking of the
specimen skin. During the second phase, shrinkage
increases almost linearly with drying degree. It is interest-
ing to note that this second phase begins for the same loss
of mass, whatever the volume of paste. This could mean
that the skin cracking due to the moisture gradient is about
similar, in the tested range of volumes of paste. Therefore,
one can suppose that the measured changes in shrinkage
amplitude result mainly from the changes in concrete com-
position, i.e. volume of paste, and not from this experimen-
tal drawback.
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Fig. 14. Drying shrinkage vs. loss of mass of the Series 3 mixtures.
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Shrinkage is proportional to the volume of paste, pro-
vided that the paste proportions, especially W.s/C and
LF/C, are constant (Series 1). If the volume of paste is
increased by replacing aggregates by water, the increase
in shrinkage, observed in Series 2, is much larger than in
the case of Series 1 (Fig. 7). The increase in total shrinkage
with water content is a consequence of the increase in open
porosity and thus in drying kinetic, as shown in Fig. 10.

Conversely, the shrinkage amplitude was found to
decrease when the volume of paste was increased by replac-
ing aggregates by limestone filler, as measured in Series 3
(Fig. 8). However the drying kinetic remains however the
same (Fig. 11). That means that differences in shrinkage
would be caused by differences in the material properties,
such as elastic modulus.

All the results on shrinkage are summed up in Fig. 15,
with the example of 120-day shrinkage strain. The volume
of paste has a noticeable effect on shrinkage, but the trend
and the variation strongly depends on the paste propor-
tions. It can be verified in Figs. 13 and 14 that the second
phase of the shrinkage vs. drying curve begins almost for
the same loss of mass. Thus, the skin cracking phenomenon
is probably equivalent in Series 2 and 3. However, any gen-
eralization of these results should be done carefully, know-
ing that the size effect on drying was not investigated.

3.3. Shrinkage cracking

The evolution of tensile stress due to restrained shrink-
age from the ring tests is shown in Figs. 16-18. It can be
seen that the differences between the stress curves from
the Series 1 are not as obvious as the differences between
the shrinkage curves. In fact, the stress development does
not only depend on shrinkage, but also on elastic modulus
and creep. Any change in volume of paste results in
changes in both shrinkage and visco-elastic properties.
For instance, creep is known to increase with volume of
paste [16]. Thus, changes in visco-elastic properties can
reduce the effects of shrinkage. Nevertheless, the reduction
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Fig. 16. Ring test of the Series 1 mixtures.
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Fig. 18. Ring test of the Series 3 mixtures.

in shrinkage with the volume of paste results in a decrease
in stress level and in an increase of the age of cracking
(Table 1): the reduction in volume of paste reduces the
cracking risk.

However, the good correlation between free shrinkage
and age of cracking should be analyzed carefully. First,
the boundary conditions of the shrinkage specimens and
the rings are not quite equivalent. Indeed, the prismatic
specimens can dry on their four lateral surfaces, while the
rings can dry only on their two opposite surfaces and not
on the circumferential surfaces covered by tap. The mean
drying radius is not the same for the two kinds of specimen
geometry. Secondly, as observed in Series 2 and 3, no direct
correlation can be found between free shrinkage and
restrained shrinkage. For instance, the stress development
of the Series 2 mixtures is similar for the first two months,
whereas their shrinkage is very different (Fig. 7). The
Weff + 40 1 mixture has the highest shrinkage values, but
the concrete ring did not crack after 200 days and, more-
over, the tensile stress decreased after 90 days. This stress
relaxation is probably caused by creep. In Fig. 18, the
LF — 44% mixture, did not crack, whereas it has the high-
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est shrinkage. The results show that the stress development
actually depends on shrinkage as well as visco-elastic
properties.

3.4. Fracture properties

3.4.1. Fracture parameters and toughness

Fig. 19 shows the load vs. CMOD curves of three-point
bending tests. The results reveal that there is no significant
difference between the concrete mixtures. The effect of
paste volume on Kj. and Gf is about the same as its effect
on strength (Figs. 20 and 21). The effect on CTOD, is
clearer: CTOD, increases with the volume of paste
(Fig. 22). The variations of K;. and CTOD, with the paste
volume should result in variation of the fracture resistance
of SCC, according to the TFPM model. However, it is dif-
ficult to say exactly how the volume of paste affects fracture
resistance. Moreover, the effect on CTOD, could be the
result of its effect on the elastic modulus.

The difference between these materials could be due to
the width of FPZ which is formed ahead of the crack tip
prior of the fracture. In this work, the FPZ width is char-
acterized by acoustic emission (AE) technique.
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Fig. 19. Results of the bending tests: charge vs. CMOD.
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Fig. 22. CTOD, vs. volume of paste.

3.4.2. Estimation of FPZ width by acoustic emission

The aim of AE analysis was to get an experimental char-
acterization of the FPZ, and more specifically of its width
related to the internal length in continuum damage models.
The locations maps of micro-cracks detected (called AE
events) for a specimen made of V, — 30% mixture and
for a specimen made of ¥}, + 10% mixture are presented
in Fig. 23. The maps are obtained after selecting the signals
with amplitude less than 50 dB, in order to keep only the
most energetic micro-cracks associated with concrete frac-
ture [11]. The plotted points indicate the detected AE
events.

On these maps, it can be seen that, for the V, — 30%
specimen, AE events were located into a larger area than
for the V', + 10% specimen. The approach adopted to esti-
mate the crack band width associated with the FPZ con-
sists in plotting the cumulative number of detected events
as a function of the horizontal position. The number of
events is measured in a horizontal band of 5 mm width
(the width between two horizontal transducers is thus
divided in zones of 5 mm). The measurement is performed
at a stated reference COD, taken in this study at 450 pm,
which corresponds approximately to the end of the bending
test where the applied load is close to 0. Gaussian curves
are thus obtained if the histogram got from the measure-
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Fig. 23. Cumulative location maps of AE events: (a) V}, — 30% mixture; (b) ¥, + 10% mixture.

ments is smoothed. Fig. 24 represents the average
smoothed curves for the three specimens of each mixture.

In order to compare the FPZ sizes for the three different
volumes of paste, an horizontal line, which intersects the y-
axis (number of events), at 10% and 25% of the maximum
number of events detected, can be plotted on the same
graph as shown in Fig. 25. We define arbitrarily the crack
band width as the length of the segment of the horizontal
straight line which intersects the distribution of AE events
[13]. By this way, a comparison of the FPZ width estima-
tions (relative to the defined percentage) is possible for
the three mixtures.

At 10% of the maximum number of events, the average
estimation of the FPZ width are 43.6, 40.3 and 37.8 mm for
Vy, — 30%, V, — 10% and V}, + 10% mixtures, respectively.
At 25%, the values are respectively 25.7, 22.7 and 19 mm.

The results show a significant decrease of the width of
the FPZ with an increase of the volume of paste, and the
trend was the same for the 2% chosen for the analysis. This
decrease of the FPZ width can be explained by the fact that
crack propagation in concrete is strongly influenced by any
inclusions (aggregates for instance) in the matrix (paste).
Indeed, micro-cracks develop in the matrix and join in
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Fig. 24. Evolution of cumulative detected events as a function of
horizontal position in the location array (X =350 mm corresponds to
the notch).
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Fig. 25. Evolution of the FPZ estimation for the three mixtures, at 10%
and 25% of the maximum of AE events detected.

order to form the macro-crack. Using acoustic emission,
Chen and Liu [23,24] have thus shown the decrease of
the FPZ width with the increase of maximum aggregates
size (which varied from 5mm to 20 mm). The work of
Otsuka and Date [11] also provides the same results by
the investigation of the FPZ by both acoustic emission
and X-ray technique. In the present study, the maximum
aggregates size was constant and the average size decreased
with an increase in paste volume. We can thus make an
analogy with the cited works and postulate that the
decrease of the FPZ width would be the consequence of
the decrease of the average aggregates size when the paste
volume increases.

4. Conclusions

The experimental results reported and discussed in this
paper concern three major composition parameters of
self-compacting concrete mixtures, namely: volume of
paste, water content, and mineral admixtures content. A
first series of concrete mixtures was designed varying the
volume of paste and keeping the proportions of its constit-
uents (cement, water, mineral and chemical admixtures)
constant. From a reference mixture of the first series, the
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volume of paste of the second and third series of concrete
mixtures was increased or decreased only by changing the
water content (Series 2) and mineral admixture content
(Series 3). Strength, modulus, shrinkage, shrinkage crack-
ing properties and fracture behavior were assessed and
the following conclusions have been drawn:

e The volume of paste had a restricted effect on strength
and elastic modulus. The slight decrease of these proper-
ties with an increase in the volume of paste could be due
to opposites effects of the aggregates on the internal
structure of concrete and on the interface transition
zones in cementitious matrix. These effects could also
account for the slight decrease of the fracture process
zone width and fracture toughness. Non-restrained
shrinkage was shown to increase almost linearly with
an increase in volume of paste, but these results do
not account for restrained shrinkage behavior assessed
through the ring test, because that also depends on the
visco-elastic properties of concrete. However, increasing
the volume of paste increases shrinkage cracking
susceptibility.

e As expected, an increase in water content caused a drop
in strength and modulus. The increase in shrinkage and
shrinkage cracking susceptibility was more pronounced
than that was observed for the same variation of paste
volume in the first series. This was mainly due to drying
shrinkage, as the W_.4/C (effective water/cement) ratio
was rather high (more than 0.54) and autogenous
shrinkage remained very low.

e Changing the mineral admixture content did not affect
significantly strength and mechanical properties, in the
studied range. Increasing the mineral admixture content
reduced non-restrained shrinkage but it seemed to
increase the risk of cracking.

This study was done to gain insight into practical ways
to optimize the formulation of SCC. Reducing the volume
of paste may affect flowability and facing quality, butitisa
way to reduce shrinkage and risk of cracking without
affecting much strength. Another way to optimize SCC
mixtures is to work on composition parameters of the
paste, such as mineral admixture type and content. Ongo-
ing study on this issue is to give complementary results.
However, these are not all intrinsic properties, but rather
some depend on the testing devices and procedures. There-
fore designers have to choose relevant tests and properties
to take into account the actual exposure conditions.
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