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Abstract

It has already been reported that a suitable quantity of welan gum, akind of natural water soluble polysaccharide, is very effectivein sta-
bilizing the rheology of self-consolidating concrete. The main problem of this product isits cost. Therefore, new viscosity agents wereinves-
tigated in the present study: starch, precipitated silica, and a waste from the starch industry. Associated with a sulfonated melamine-formalde-
hyde superplasticizer, these agents were used to develop self-leveling concrete at low cost (20% higher than that of concrete used in building
construction). This paper presents the influence of the type of viscosity agent on various properties of concrete: workability, segregation, bleed-
ing, compressive strength, shrinkage, and permesbility. Precipitated silica and starch were found to lead to the best performances. © 1999

Elsevier Science Ltd. All rights reserved.
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A self-compacting concrete (SCC) is defined as a con-
crete that has excellent deformability and high resistance to
segregation, and can be filled in a heavily reinforced area
without applying vibration. Most devel opments and uses of
SCC have been in Japan [1-10].

In general, the self-consolidating property of SCC de-
pends on mixture proportion and uneven quality of materi-
als. This causes problems in producing stable SCC. To sta-
bilize fluidity, which greatly affects self-consolidating
property, the use of welan gum, a kind of natural polysac-
charide, has proved to be very effective [8], but this product
is costly and increases the price of usual concrete. Aninves-
tigation was undertaken to use other lower-cost viscosity
agents, especially in the development of self-leveling con-
crete (SLC). SLC is a SCC that gives a very flat surface
without any vibration: the levelness tolerance is 1 mm over
alength of 4 m.

Three types of viscosity agents available in different con-
centrations of agueous solutions were investigated: starch,
precipitated silica, and a by-product from the starch industry
[11]. The properties of the latter product were discussed in a
previous paper [12]. The scope of the present study was to
compare the properties of these agents through various en-
gineering properties of SLC: workability, segregation,
bleeding, compressive strength, shrinkage, and permeability.

* Corresponding author. Tel.: 33-4-7243-8296; Fax: 33-4-78949807.

1. Experimental
1.1. Materials

1.1.1. Cement and aggregates

Normal Portland cement, type CEM | 52.5 R according
to the ENV 197/1 European standard, was used. Its Blaine
specific surface area was 480 m?/kg and its Bogue potential
composition was as follows:

C,S = 70.8%
C,S = 8.5%
CA = 85%

C,AF = 7.5%

River sand and gravel were used. Their particle size distri-
butions are given in Fig. 1.

Four percent of grainsin the sand were larger than 5 mm;
the maximum diameter of coarse aggregate was 16 mm.

1.1.2. Additional fine material

Ground limestone of specific gravity 2.70 and Blaine
specific surface area 395 m?/kg was used as additional fine
material. It is particularly useful for enhancing the cohesion
of concrete [13].

1.1.3. Chemical admixtures
A commercialy available sulfonated melamine formal-
dehyde superplasticizer was used in binary combinations
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Tablel
Mixing proportions of concretes

Content (kg/m°)

Powdered Mixing Viscosity

Concrete reference Cement limestone Gravel Sand water Superplasticizer agent
Control C, 260 140 700 1040 173 5 0
Starch C, 260 140 700 1040 172 5 13
Precipitated silica C, 260 140 700 1040 170 5 39
By-product C, 260 140 700 1040 168 5 75

with viscosity agents. The dry matter content of the super-
plasticizer was 30%.

Aqueous solutions of three viscosity agents were investi-
gated: starch, precipitated silica, and a by-product from the
starch industry. The concentrations of the solutions were
10% for starch, 20% for precipitated silica, and 32% for the
by-product.

1.1.4. Mixture proportions

A test program was formulated to clarify the effects of
the viscosity agents on the properties of fresh concrete
(flow, segregation, and bleeding) on the following bases:

1. The weight fractions of cement, powdered limestone,
sand, coarse aggregate, and superplasticizer were kept
constant aslisted in Table 1. The water to cementitious
material (cement + powdered limestone) ratio was
kept constant at 0.44. Therefore, dueto the different con-
centrations of the viscosity agent solutions, the quan-
tity of mixing water varied in the different mixtures.

. A control concrete without any viscosity agent was
studied.

3. The quantities of viscosity agent solutions were ad-
justed to obtain approximately the same flow (600
mm). The amounts introduced in the different mix-
tures were as follows:

« 1.3 kg/mé starch solution,
* 3.9 kg/m® precipitated silica solution, and
« 7.5 kg/m? by-product solution.

1.2. Measurements

1.2.1. Fluidity of concrete

The fluidity of concrete was assessed by measuring the
static spread of a truncated cone having upper and lower di-
ameters of 170 and 225 mm, respectively, and 120 mm
height. The time necessary to obtain this spread was mea-
sured. Field applications showed that concrete is self-level-
ing when the following conditions are both fulfilled: spread
higher than 600 mm and time to obtain this spread is lower
than 30 seconds.

1.2.2. Resistance to segregation
Segregation of self-leveling concrete means separation
into mortar and coarse aggregate caused by settlement of
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Fig. 1. Particle size distribution of sand and gravel.
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Fig. 2. Form used to measure segregation.

coarse aggregate. To evauate resistance to segregation,
concrete was placed in a column (Fig. 2) and left until it
started to set, after which samples were taken from the up-
per, middle, and lower sections. Coarse aggregates of each
sample were washed out through a 5-mm mesh screen and
weighed. There is no segregation and uniform distribution
of coarse aggregates if the percentage of coarse aggregates
retained on the screen, in each section, iscloseto Eq. (1):

(700 + 004 x 1040) /2320=32% (1)
) ! )

Coarse Coarse aggregates Specific gravity
aggregates contained insand  of concrete

1.2.3. Rate of bleeding

Six liters of concrete was poured in abasin 245 mm long,
245 mm wide, and 100 mm high, and left for 5 h. The quan-
tity of bleeding water that appeared at the surface of the
sample was measured. The bleeding rate (BR) was calcu-
lated using Eq. (2):

BR = '\-"W—W x 100(%) @)

where M,, = weight of bleeding water in the basin, and W =
weight of water contained in the concrete placed in the basin.

1.2.4. Properties of hardened concrete

The compressive strengths at 1, 7, 28, and 90 days were
measured on six cylinders 110 mm in diameter and 220 mm
high; the rate of loading was 5 kN/s. The stress-strain rela-
tionship was recorded during these tests and the Young's
modulus was cal cul ated from these curves.

The unrestrained drying shrinkage was measured on pris-
matic samples (70 X 70 X 280 mm) according to the
French standard NFP 15-433. The specimens were
demolded at 24 h and kept in the testing room at 20 = 2°C
and 50 = 10% relative humidity.

The water permeability of concrete was measured at 90
days on discs 110 mm in diameter and 50 mm high, accord-
ing to Darcy’ s relationship.

2. Results and discussion
2.1. Properties of fresh concrete

The flow and rate of bleeding of the different mixtures
arelisted in Table 2. Their resistance to segregation is pre-
sented in Fig. 3. When the total amount of fine particlesis
limited to 400 kg/m®, self-leveling concrete cannot be de-
veloped without any viscosity agent: its flow is very good
but it presents high segregation (Fig. 3). A better concreteis
obtained using the by-product of the starch industry, but
some segregation still occurs. From the results shown in Ta-
ble 2 and Fig. 3, starch and precipitated silica appear to be
the most effective viscosity agents. In addition, precipitated
silica limits the bleeding of concrete. Starch seems to im-
prove the resistance to segregation of self-leveling concrete,
whereas precipitated silica enhances the resistance to segre-
gation and limits the rate of bleeding.

2.2. Properties of hardened concrete

The properties of hardened concrete were only investi-
gated for mixes C, (starch) and C, (precipitated silica),
those presenting the best resistance to segregation.

The compressive strengths at different times of hydration
are listed in Table 3. The level of strength is the same for
mixes C, and C,. Early-age strength is relatively high,
whereas long-term performance is very close to that ob-
tained after 28 days of hydration. This may be explained by
the use of a cement rich in C;S and very reactive at an early
age, and by the presence of powdered limestone, which in-
fluences early-age hydration of cement and does not possess
any pozzolanic activity. Husson [14] showed that finely di-
vided limestone reacted with C;S to form calcium carbosili-
cates.

The typical stress-strain relationships of these concretes
are shown in Fig. 4. If f; (MPa) is the 28-day compressive
strength of concrete, the following relations may be pro-
posed to describe the stress-strain relationshipsin Eq. (3):

Table 2
Properties of fresh concrete
Time needed to Rate of

Flow obtaintheflow  Specific  bleeding
Concrete reference (mm) (s gravity (%)
Control C, 640 20 2.35 ND*
Starch C; 610 20 2.30 14
Precipitated silicaC, 600 20 2.33 0.8
By-product C, 620 25 2.35 10

* Bleeding is difficult to measure. The water present at the surface is
not very clear; it isasuspension of cement and fine particles.
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Fig. 3. Quantity of coarse aggregate by sampling position.
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with g,. in 0/00.

The elastic modulus of self-leveling concrete ranged
from 34.2 = 0.8 GPa (C,) to 36.2 = 2.4 GPa (C)). It was
calculated from the recorded stress-strain curves.

The unrestrained drying shrinkage of these concretes is
shown in Fig. 5, until 90 days of hydration. It can be pre-
dicted using the ACI model in Eq. (4):

_.notd
g(t) = s 4
where € = shrinkage at t days; €,, = final shrinkage; and b
and n = material parameters that must be considered as ran-
dom variables.

For C, (starch), the relationship is given in Eq. (5):

~ ot |:|o.55
g(t) = 770 x 10 %—-——7 = ol ()

For C, (precipitated silica), it becomes as given in Eqg. (6):

B —6|:| t |:|0.61

g(t) = 730 x 10 Berd (6)

The find shrinkage of sdlf-leveling concrete (730 to 770 X
1076 m/m) is 50% higher than that of an ordinary concrete
containing the same cement content (450 to 500 X 1078 m/
m) because sdlf-leveling concrete contains more mortar and
less coarse aggregate than ordinary concrete. Such concrete
needs to be cured properly so that it can develop its poten-
tial strength and durability.

The water permeability of concretes C, and C, islisted in
Table 4. Precipitated silica leads to the lowest permeability,
and the deviation in experimental valuesis lessimportant.

3. Conclusions

From the investigations carried out in this study, the fol-
lowing conclusions can be drawn.

1. Precipitated silica and, to a less extent, starch could
be good alternatives for welan gum as viscosity
agents for self-leveling concrete.

2. These products allow the development of concretes
with limited bleeding after 5 h and high resistance to

segregation.

Table3
Compressive strength of self-leveling concretes

Compressive strength (MPa)
Concrete reference 1day 7 days 28 days 90 days

Starch C; 18111 361*+06 428*05 43.0=x05
Precipitated silicaC, 172+ 13 376*+23 441+08 445+ 20

Table4
Water permeability of self-leveling concrete

Water permeability (10722 m/s)

Concrete reference Average Minimum Maximum
Starch C,; 1.9 0.9 34
Precipitated SilicaC, 0.4 0.2 0.9




S Rols et al./Cement and Concrete Research 29 (1999) 261266 265

50

Stress (MPa)

= Starch Cl1
s Precip. Sil. C2

0 - i (E— f

00 05 1,0 15
Strain (%o)

2,0 2,5

Fig. 4. Stress-strain relationships of self-leveling concretes.

3. The mechanical performance of self-leveling concrete
is high (more than 40 MPa at 28 days) despite a ce-
ment content limited at 260 kg/m® and a water-to-
cement ratio of 0.68.

4. The drying shrinkage strains of self-leveling concrete
are about 50% greater than those of ordinary concrete
containing the same amount of cement. To prevent
cracking, it is necessary to cure self-leveling concrete
in field applications.

5. The water permeability of self-leveling concrete is
limited to 2 X 107*?> m/s and allows expectation of
good durability.
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