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Sands produced from limestone rock deposits in Algeria contain high proportions of fine 0/100 μm particles
(named filler hereafter), which are available in large quantities. This study aims to identify the maximum filler
amount which may be added to cementitious materials without performance loss. Performance is quantified
here as related to varied properties, either microstructural (density, porosity, pore size distribution, capillary
absorption, Klinkenberg effect), mechanical (Young's modulus, compressive and flexural strengths), or
indicative of durability (intrinsic gas permeability, drying shrinkage and mass loss). To that purpose, mortars
with various amounts of filler, ranging from 15 to 45% sand mass (i.e. 45 to 135% cement mass), have been
formulated, tested and compared to a reference mortar. As recommended by J. Baron [J. Baron, Les additions
normalisées pour le Béton, Les bétons - Bases et données pour leur formulation, Association technique -
industrie des liants hydrauliques (in French), Eyrolles Ed., Paris, 1996, pp. 47-57], substitution to sand is
privileged, whereby cement proportion and workability are kept constant while water need varies with
increasing filler amount. Preliminary XRD analysis of filler powder shows no otherminerals than calcite CaCO3

and traces of dolomite CaMg(CO3)2. Results point out the existence of an optimal performance value and a
high effect of filler addition. In particular, for high filler amounts, total porosity increases while bigger pore
populations diminish. This is confirmed by SEM examinations of the microstructure as well as by the increase
of Klinkenberg coefficient β determined from gas permeability measurements, and by capillary absorption
results. Moreover, intrinsic gas permeability, compressive and flexural strengths remain remarkably high
whatever the filler proportion. Drying shrinkage and mass loss are not impacted dramatically either.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Industrial by-products suchasflyash, silica fumeorblast furnace slag
have helped improve concrete performance thanks to their hydraulic
and/or pozzolanic activity. They are now widely used as additives to
durable and high performance concretes [1–3]. Nevertheless, their cost
is relatively highcompared to calcareous additives (these are alsonamed
mineral additives hereafter). Besides, the demand for aggregates to
produce concrete is still high while natural resources decrease or are
beingmore andmore regulated due to environmental concerns [8,9]. At
the same time, fine 0/100 μm calcareous aggregates (named fillers or
calcareous fillers hereafter) are available in great quantities as crushing
residue, so that their valorisation remains a recurring economical issue,
particularly in Algeria [9–11].

Additions are simply defined by the European Standard ENV 206-1
(2004) for concrete conformity as “materials made of finely divided
minerals which can be added to concrete in order to improve some of
its properties”. Type I additives are labelled “almost inert” while Type
+33 3 20 33 53 52.
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II additives are “pozzolanic or latent-hydraulic minerals”. Various
countries limit quite tightly Type I addition amounts in aggregates
adapted to concrete (or mortar) (Table 1). European Standards relating
to aggregates for concrete (EN 12-620, 2003) or mortars (EN 13-139,
2003) allow respectively up to 22% filler in mass as an aggregate
component or 5% filler inmass for amedium sand of finenessmodulus
FM=2.5 (and up to 30% in mass +/−3 for very coarse sands of fineness
modulus FM between 2.4 and 3.6). In parallel, French specification NF
P 15-301 (1995) allows up to 5% filler only as a cement substitute, and
up to 35% calcareous filler additive provided the remainder hydraulic
material is pure Portland cement [4]. Despite such positive evolutions
of the normative context, current formulation methods do not help
anticipate filler influence and hence optimize the concrete mix.
Whereas a positive filler effect is accounted for when substituting
filler to sand [5], these methods are based on using fillers as cement
substitutes. Industrially, when crushed aggregates are produced with
a higher filler ratio than within the standard limits, these are washed
before use, which remains costly and proves to weaken the aggregate-
to-cement bond [6,7].

Concrete performance loss is mainly due to clay-based minerals.
Their presence weakens the bond between cement paste and
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Table 1
Admitted crushed filler proportion in aggregates adapted to concrete (and mortars),
according to various countries

Country Germany Canada Italy Belgium USA France Algeria United
Kingdom

Standard
Reference

DIN
4226

CSA
A231

Uni 7
163

NBN
589-102

ASTM
C33

NF P 18 541,
301, X 540

DTR BE
2-1

BS 822

Date
Issued

1971 1973 1972 1969 1997 1994–1983–
1997

1991 1992

Sand
mass %

b4% b3–5% b3–5% b3–5% b5–7% 12 to 18% b10% b16%

Expressed in sand mass %.

Table 2
Physico-chemical composition of the filler powder used in this study

CaCO3
(%)

Blaine fineness
value
(m2/kg)

Methylene blue
value MBF
(g/100 g)

Water
content
Wf (%)

Fe
(%)

MgCl
(%)

Cl
(%)

Mean 98.50 375.97 0.58 0.00 0.00 0.35 0.01
Standard
deviation

0.36 30.45 0.10 0.00 0.00 0.17 –
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aggregates and delays cement hydration [7], [12,13]. Clay may swell,
induce fracturing and hence strength loss [13]. Fortunately, on the
building site as well as in the lab, the organic material content, and,
hence, the clay-based material content in an aggregate may be de-
termined simply by the Methylene Blue Test as prescribed by the
European Standard EN 933-9 [14,15]. Nevertheless, drying shrinkage
has to be limited when using any addition to concrete. As for them, silt
and other mineral fillers such as powders of quartz, calcite, rutile and
alumina [23,24], although relatively chemically inert and dissimilar to
clay, have a high specific surface and hence high water-retention
capacities that may cause high shrinkage without due precaution
[7,12]. In a cement-based filler-added material, without any super-
plasticizer, the amount of free water is diminished, and most of the
water is adsorbed on the surface of the filler particles or entrapped
inside flocks of particles [21]. Therefore, depending on the fineness
and morphology of the filler, the water need (i.e. the water-to-cement
ratio) may vary as hugely as from 1 to 4 [8,16,40]. As J. Baron recalls in
[5], filler addition is positive provided fillers contribute to lessen the
water need, i.e. the water-to-cement ratio. The presence of mineral
fillers also modifies the concrete consistency (or workability) [7–9,17].
The adsorbed water at the filler particle surface does not only fill up
voids, it also provides greater thickness to the water layer around
particles, which diminishes viscosity, and, hence, flow properties and
workability in particular. For these reasons, we perform filler additions
at constant practical consistency, and drying shrinkage and mass loss
are assessed in parallel with mechanical performance.

According to French Standard NF P 18-508 and to EN 206-1 (2004),
calcareous additions are attributed an activity index, defined as the
ratio of the compressive strength σUCS of a mortar formulated with
75% cement and 25% filler (in mass) to that of a reference 100% cement
mortar. Moreover, French Standard XP P18-305 for ready-mixed
concrete requires a water-to-equivalent hydraulic binder (W/Ceq) ratio
to be used, so that Ceq=C+0.25F for the addition of a calcareous filler
amount F representing up to 25% of the cement amount, and provided
that its 28 day activity index is above or equal to 0.71 [41]. This is the
recognition of a calcareous filler activity when added to the concrete
mix. Indeed, apart from having a quite limited chemical interaction
with hydration products [40], calcareous filler powder has a catalytic,
and also a physical effect during cement hydration. First, it has been
shown [18–20] that a chemical reaction of calcite CaCO3 with C3A and
C4AF occurs during cement hydration, contrarily to siliceous fillers,
such as crushed quartz, which are reputed to have no chemical activity
during cement hydration due to their high-crystallized silica content
[21–23]. C3A and C4AF reactivity appears to increase with limestone
fineness [40]. Péra et al. [25] also observed an acceleration of C3S
hydration using 10 to 50% limestone (as cement replacement) at a
given Blaine fineness of 680 m2/kg. Yet the extent of calcareous filler
chemical activity is generally admitted to be very limited [40].
Ramachandran [26] has shown a nucleation role for CaCO3 as well
as its incorporation into the calcium silicate hydrates (C–S–H) them-
selves, which benefits the cement paste structuring. The catalytic
effect of calcareous filler powder is due to its high specific surface,
which serves as additional nucleation sites for cement hydration
products [4,24,37], whereby chemical reactions are accelerated [25]
and the C–S–H crystal size is diminished [9,17,43]. During this process,
some calcareous particles become integrated into the cement paste
[21]. Thirdly, calcareous fillers undoubtedly have several physical
effects. As filler generally replaces cement there is a dilution effect, i.e.
the cement paste amount decreases so that the compressive strength
is not improved [23,25]. To avoid this effect, the cement content of our
mortars is kept constant. Up to a certain amount, the insertion of fine
filler particles allows denser packing of the cement paste: this is
usually called the filler effect [5,21,44]. The filler presence also reduces
the wall effect in the transition zone between the paste and the ag-
gregates: this weaker zone is strengthened due to the higher bond
between cement paste and aggregate, so that the concrete micro-
structure and properties are improved. For instance, and despite using
fillers containing of up to 2.1% argillaceous particles, Topcu et al. [7]
determine an optimal 7 to 10% filler addition as regards the im-
provement of permeability and mechanical performance of concrete.
Celik et al. [8] provide similar results. These phenomena are strongly
influenced by the particle size distributions (PSD) of the filler and of
the aggregates [27,40]. For instance, a high size ratio between filler
and aggregates induces a denser cement paste, and improved strength
[21].

In order to investigate cementitious material performance with a
high proportion of calcareous filler, a model mortar was formulated
with various amounts of 0–100 μm calcareous powder, ranging from
15 to 45% of the initial sand mass, which represents 45 to 135% of the
cementmass (Table 2), i.e. higher amounts than all current regulations
authorize. A reference mortar with 0% filler is used for comparison
purposes. Apart from the local material reuse issue, several elements
contribute to this study originality. First, the mineral filler nature is
thoroughly characterised in order to check for the absence of clay,
and to compare its grain size distribution to that of cement powder.
Contrarily to Topçu et al. [7] and Tsivilis et al. [28], the filler powder
used here is devoid of any argillaceous mineral: X-Ray Diffraction
results prove it is calcareous only. Despite investigating a variety of
concrete properties, Celik et al. [8] have not checked for the presence
of clay when studying the effects of crushed stone dust additions of up
to 30% of the initial sand mass, and consistency was not kept constant
for all formulations. Secondly, our methodology goes along the lines
suggested by J. Baron [5], in the sense that workability is kept constant
(for industrial practicality) by varying the water content, and cal-
careous powder is substituted to sand, which aims at improving the
mortar performances and proposing an optimal filler/sand ratio. Nev-
ertheless, contrarily to Baron, we chose to keep cement content con-
stant and solely investigate the effect of hugely increasing the filler
proportion. Indeed, studies concerning substitution to sand are scarce
[7,8,17], contrarily to those devoted to cement substitution [21–
23,28,29,42]. Cement content is identical for all mortars (at 450 kg/
m3), whereas water amount is varied in order to account for water
need variations when adding filler powder. As a consequence, water-
to-cement ratio (W/C) varies in the range 0.46 to 0.67. Fineness
modulus is also evaluated and compared with water need. Topçu et al.
[7] have imposed a constant workability, measured by slump test,
while our study considers spreading time measurements (NF P 18-



729Y. Benachour et al. / Cement and Concrete Research 38 (2008) 727–736
452, NF P 15-437 or [30]). They have given performance results for less
than 15% mineral powder addition only, whereas our study involves
amounts of up to 45% of the initial sandmass. Moreover, Topçu et al. [7]
have varied the cement content in the low range (200 to 350 kg/m3) and
the water to cement ratio (W/C) in the higher range of 0.6 to 0.98. Apart
from compressive and flexural strength identification, they provide
simplified durability evaluation, as their permeability tests were not
fully conclusive. In our study, and complementarily tomercury intrusion
porosimetry (MIP) and SEM analysis, capillary absorption measure-
ments have allowed investigation of the influence of filler upon the
porous network structure and size. Celik et al. [8] evaluate absorption
after 72 hwater immersion only, using a simplified technique, and these
are not correlated with density or porosity measurements. Ushikawa
et al. [17] have substituted various mineral powders to fine aggregate
and kept cement proportion constant, yet they have also kept water
amount constant and themineral powder proportion is adjusted so that
the unit volume of all powders including cement is kept constant.
Similarly, Bédérina et al. [9] optimize their concretemix at given volume
and cement proportion (350 kg/m3), so as to obtain amaximumdrymix
density. Despite getting optimal compactness, superplasticizer is re-
quired andwater-to-cement ratio (W/C) has to be of up to 0.6 in order to
maintain proper workability. Tsivilis et al. [28] have focused upon du-
rability properties of Portland limestone cements, i.e. cement substitu-
tion. They have identified intrinsic gas permeability coupled to water
absorption and pore structure analysis using MIP and optical micro-
scopy. Yet clay amounts are accounted for, plasticizer has been used for 2
of the 14 formulations tested in order to keep a proper workability, the
water-to-cement ratio is quite high (0.65) and the cement proportion
rather low (300 kg/m3).

Hereafter, varied experimental tools have been used in parallel.
This aims at better understanding microstructural modifications due
to the presence of filler powder, namely porosity and particle size
distribution (PSD), and their consequences upon physical, mechanical
and transport properties, i.e. capillary absorption, drying shrinkage
and mass loss, Young's modulus, compressive and flexural strengths,
and gas permeability. The Klinkenberg effect is also evaluated from
gas permeability measurements. Where capillary absorption and
Klinkenberg effect give insights into global pore structure and volume
[31], mechanical testing providesmechanical performance estimation,
while shrinkage and permeability are used as durability indicators.
Fig. 1. X-Ray Diffraction results for filler powder showing th
2. Experimental procedure

2.1. Materials

Mortars are formulated using normalized sand, as described by
EN 196-1, CEM I 52.5 cement, as described by EN 197-1, and 0 to
100 μm calcareous filler powder produced by the Boulonnais Quarries
(Rinxent, France). Table 2 displays several filler characteristics, as
provided by the manufacturer: calcite CaCO3 is in majority (with
98.5%), dispersedwith a fewmagnesium and chlorine atoms (less than
0.5%). Its Blaine fineness value (375 m2/kg) is on the order of that of
cement (usually of 300 to 500 m2/kg [4]) so that their water need is
similar. X-ray diffraction results for filler powder confirm the presence
of calcite CaCO3, added with calcareous dolomite CaMg(CO3)2, (Fig. 1).
In particular, this attests that no undesirable argillaceous component
is present in the filler powder. This is in accordancewith the Methylene
Blue Value of 0.58 g/100 g for the calcareous filler used (Table 2), the
specified limit indicative of water sensitivity for an aggregate being
above 1 g/100 g (NF P 18 508). Particle size distributions (PSD) for
cement and filler powder are determined by laser granulometry (Fig. 2).
Both cement and calcareous powder have similar PSD curves, with
coefficient of curvature Cg=(d302 /d60⁎d10) equal to 1.1 for the filler
powder and 1.5 for the cement powder (well-graded powders are in the
range 1–3). Yet, cement PSD is narrower, with a uniformity (or Hazen)
coefficient CU=(d60/d10) of 6.2 compared to 12.4 for the filler powder.
Indeed, filler powder has a larger population of smaller grains than
cement in the range 0.4 to 30 μm. This is interpreted in favour of an
ability of filler powder to fill in voids or interfaces between cement and
sand [21].

2.2. Experimental methodology

2.2.1. Mortar and sample preparation
Mortars with various filler proportion have been made up by a

trial-and-error process, so as to get a constant workability of 25 sec+/
−1, measured using a B-type workability meter, as defined in French
Standard NF P 18-452 and NF P 15-437 [30]. This process includes air
bubble removal using a vibrating table. Reference mortar, without
filler added, is chosen with a water-to-cement ratio of 0.48. Prelimi-
nary workability measurements are performed with Vicat's apparatus
e presence of calcite CaCO3 and dolomite CaMg (CO3)2.



Fig. 2. Particle size distribution (PSD) for CEM 1 cement and filler powder obtained by
laser granulometry.

730 Y. Benachour et al. / Cement and Concrete Research 38 (2008) 727–736
[4], because it allows formulating much smaller mix amounts than
with B-type workability meter. With Vicat's apparatus, W/C=0.5
mortar does not have a measurable workability, hence, a smaller W/
C=0.48 is preferred for reference mortar. After Vicat's workability
tests, all formulations are checked for constant consistency at a larger
scale with B-typeworkability meter (i.e. larger amounts of mortars are
tested). Investigated filler proportion are 15, 25, 35 and 45% of the
reference mortar sand mass, which corresponds to 45–135% of the
cement amount.

After mixing them all on the same day, mortars are cast into
50×15×15 cm3 or 4×4×16 cm3 prismatic forms, and protected from
desiccation using plastic sheets. After 24 h hardening, all mortar prisms
are removed from their forms and immersed in water at 20 °C+/−1 for
28 days. 50×15×15 cm3 mortar prisms are cored, cut to length and
rectified for end surface parallelism. Density ρ and porosity ϕ are
average valuesmeasured on five 37mmdiameter discs, with a height of
10, 20, 30, 40 and 60+/−5 mm for each mortar (i.e. 5 samples per
mortar).Height variation aimsat checking forpotential structural effects
upon ρ and ϕ. MIP specimens are taken from 2 months or one year old
mortars preserved in lime-saturated water. Flexural failure tests are
performed on 4×4×16 cm3 prismatic samples after 28 days hardening.
Right after failure,flexural test samples are used to performcompressive
Fig. 3. Sketch of the triaxial cell displaying the a
strength measurements. Young's modulus and permeability measure-
ments are performed on circular cylindrical samples of 37mmdiameter
and a length/diameter ratio (L/D) of 2 in order to limit end effects.
Capillary absorption testing requires 4×4×16 cm3 prismatic samples,
taken after 7 days hardening. Shrinkage and mass loss samples are
2×2×16 cm3 prisms. They are tested after 6 months storage in lime-
saturatedwater. All sample sizes are significant comparedwith the sand
aggregate maximum size of 2 mm.

2.2.2. Fineness modulus, density and porosity measurement techniques
When each formulation was determined as explained above, the

(sand+filler) dry mix was reconstituted and passed through a sieving
machine, in order to determine the mix fineness modulus FM ac-
cording to the procedure provided by French Standard NF P 18 540. FM
is defined as the sum of the cumulative refuse percentage, divided by
100, for the sieves of modulus 23, 26, 29, 32, 35, 38, i.e. 0.160, 0.315,
0.63, 1.25, 2.5 and 5 mm nominal dimension. An additional 0.08 mm
sievewas used in order to separate aminimal amount offiller particles.

For each mortar, density and porosity are evaluated at 28 days
hardening. Density is measured after mass stabilisation of each sam-
ple placed at 65 °C, from weighing and specimen dimensions mea-
surement (for the volume). Samples are then water-saturated under
vacuum in order to deduce porosity from themass of water their pores
contain. Additionally, mercury intrusion porosimetry measurements
are conducted upon 1 cm3-sized samples of each mortar using a
MICROMERITICS© AutoPore IV 9500 device.

2.2.3. Mechanical testing techniques
After 28 days hardening, flexural failure tests and compressive

strength tests are performed as recommended byASTM116-90 and EN
196-1. Young's modulus is also measured after 28 days hardening. We
use a four LVDT sensors device, for use on a typical mechanical testing
machine, as designed by our laboratory [32]. Parasitic bending effects
are limited thanks to a swivel joint placed between the machine
mobile platen and the sample, and axial displacement is averaged
using four LVDT sensors. These are placed between two rings fixed at a
30 mm initial distance on the sample. Preliminary results show a good
agreement with longitudinal strain gauge measurements.

2.2.4. Permanent gas permeability technique
Gas permeability measurements are performed on initially dried

samples, taken after mass stabilisation at 65 °C. Results are averaged
on three tests performed on two different samples. Each sample is
wrapped in a Viton membrane and placed inside a triaxial cell, where
it is confined at a constant hydrostatic pressure of 5 MPa via HF95Y
Enerpac™ hydraulic oil (Fig. 3). Simultaneously, inert Argon gas is
ssociated permeability measurement set up.



Table 3
Relationship between salt-saturated solution and relative humidity (source: OIML)

Saline solution K2SO4 KCL IK NaBr K2SO3 KCH3 CO2

RH (%) at 20 °C 97.6±0.5 85.1±0.5 69.9±0.5 59.1±0.5 43.2±0.5 23±0.5
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injected through a buffer reservoir to the bottom sample side at a
given pore pressure Pi of 1.1, 2.1 or 3.1 MPa (absolute pressure values).
Gas flows down to the sample upper side, which is open to at-
mospheric pressure P0. When gas flow is permanent, its inflow is
stopped down before the buffer reservoir, in order to get a small
pressure decrease ΔP of up 0.01 MPa on the sample bottom side. The
time Δt to obtain ΔP is recorded. Apparent gas permeability Kapp is
then deduced from Darcy's law, from the assumption that Argon gas is
a perfect gas, and that the gas flow from the buffer reservoir down to
the sample upper side remains quasi-permanent at an average pres-
sure Pmean=Pi– (ΔP /2). The corresponding equation writes:

Kapp ¼ 2A LV1DPð Þ= ADt P2
meanP

2
0

� �� � ð1Þ

where μ is Argon gas viscosity, taken as 2.2×10−5 Pa sec, L is the
sample length, V1 is the buffer reservoir volume, and A is the sample
cross sectional area [33,34].

The existence of an apparent permeability is due to gas particles
slippage on the pore surface, whichmodifies permeability values with
varying gas pressure [35]. Indeed, Darcy's law assumes a non-sliding
contact of fluid at the pore surface (laminar fluid flow). Sliding is taken
into account using Klinkenberg equation:

Kapp ¼ Kint 1þ b=Pmð Þ ð2Þ

where Kint is the porous material intrinsic permeability, β is the
Klinkenberg coefficient and Pm=(Pi+Patm)/2 is the average pressure
inside the sample. It is shown that β depends linearly on the inverse of
the average material entry pore radius, i.e. the higher β, the smaller the
average pore size [35]. By varyingpore pressure Pi, intrinsic permeability
Kint and Klinkenberg coefficient β are deduced from (Eq. (2)).

2.2.5. Capillary absorption technique
The evaluation of capillary absorption for a porousmaterial provides

global insights into its porous structure and volume [31]. Following
French Standard NF P 18 354 (1986), each test consists in measuring the
average water amount (i.e. mass) absorbed by three identical samples
after a given time. After 24 hhardening, samples are stripped and kept in
a 50% relative humidity (RH) atmosphere (±5%) at 20 °C. A relative
humidity of 50% is prescribed by NF P 18 354 because, at such a low
value, the transition from capillary phenomena to water adsorption
(upon the pore surface) is reached. Indeed, combining Kelvin's law
(pc=−ρl RT ln(RH) /Mv with ρl =100 kg/m3 and Mv=0.018 kg/mol for
liquid water, R=8.34 J/K/mol, T in Kelvins) and Laplace's law for
capillarity (pc=2γ / r with surface tension γ=7.275 10−2 N/m for
liquid water/air) at RH=50%, provides a pore diameter of 3.09 nm
where the capillary meniscus is present, which corresponds to about
11 to 12 water molecules (a water molecule has a diameter of 2.6 to
Table 4
Composition of mortars added with filler (mass proportioning)

Filler addition Normalized sand CEM I 52.5 cement Water
(litres)

(%) (kg) EN 196-1 (kg) EN 197-1 (kg)

0 0 1350 450 216
15 202.5 1147.5 450 210
25 337.5 1012.5 450 231
35 472.5 877.5 450 275
45 607.5 742.5 450 302
2.8 Angströms). Below a tenth water molecules, capillarity does not
describe the behaviour of poral water: we reach the domain of
adsorption and disjunction pressure [39].

At 7 days of age, samples areweighed, and then placed vertically in
a container filled with a 2 cm-thick layer of 0 to 0.5 mm water-
saturated siliceous sand. For each further weighing, prisms are taken
out of the container, wiped on their surface, weighed, and then
replaced on the sand bed. Weighing occurs every 2 h for 8 h, then
every day for the next 7 days. From these measurements, capillary
absorption coefficient Ca is defined at time t as the ratio of sample
mass variation to the sample cross-sectional area A:

Ca tð Þ ¼ m tð Þ �m t ¼ 0ð Þð Þ=A ð3Þ
where m(t) is the sample mass at time t. Ca(t) is usually plotted as a
function of the square root of time [38].

2.2.6. Drying shrinkage and mass loss measurements
Two specimens of each mortar are equipped with studs at both

ends, as recommended by NF P15-433 and NF P18-427. They are
placed inside an hermetic chamber, above a salt-saturated solution at
given relative humidity RH at 20 °C. A calibrated retractometer pro-
vides length values as measured between the studs and samples are
regularly weighed. By changing the salt solution after mass and length
value stabilisation, relative humidity is varied from 97.6% down to 23%
(Table 3).

3. Results and discussion

3.1. Mortar formulations

The mass proportioning for all filler-added mortars is given in
Table 4. Proportions given for reference mortar correspond to 1 m3

material. While filler amount increases up to 15% sand mass, water
need, i.e. (W/C), decreases, and it becomes greater by up to 40% for
higher filler amounts. Water is getting adsorbed at the surface of filler
particles. As filler specific surface is higher than that of sand, water
demand increases due to the adsorption phenomenon. At the same
time, filler particles fill up voids so that water has less pore space
available. On thewhole, less freewater is present whereas the amount
of adsorbed water increases. These opposite effects lead to a decrease
inwater need up to around 15% filler and a regular increase above this
value. (W/C) increase will induce higher porosity. Therefore, lower
strength, higher drying shrinkage and gas permeability (measured on
dried material) are expected above 15% filler addition. If calcareous
filler is granted an activity in the cement mix, as in French Standard
XP P18-305, it has to be accounted for in (W/Ceq)=W/(C+0.25F), see
Section 1, at least for filler amounts F representing up to 25% cement
mass, and even if filler is substituted to sand. Fig. 4 represents (W/C+
0.25F) along (W/C) with increasing filler amount: the actual water
need (W/Ceq) to take into account for any filler proportion is situated
between those boundaries. The above conclusions remain: the water
need decreases up to about 15% filler, and monotonously increases
above this value, yet it is in lower proportion than when considering
W/C
ratio

Filler-to-cement
proportion
(cement mass %)

Sand+filler fineness
modulus FM

B-Type workability
meter NF P 18-452
(s)

0.48 0 2.37
0.467 45 2.33
0.513 75 1.85 25±1
0.611 105 1.59
0.671 135 1.38



Fig. 4. Variation of W/C and W/(C+0.25F) ratios as a function of filler rate.
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(W/C) only. The actual water need (W/Ceq) may increase between only
4% and up to 40% of its initial value with increasing filler amount.
The effect of filler addition upon material performance and durability
might not be as obvious as expected.

Fineness modulus FM decreases hugely with filler amount from
2.37 (for the reference mortar) down to 1.38 (45% filler-addedmortar),
which represents more than 40% decrease (Table 4). Despite this, the
aggregate mix remains conform to European Standards (EN 12620,
August 2003, for concretes and EN 13139, August 2003, for mortars)
up to more than 35% filler proportion: boundaries are of 1.5 to 2.8 for a
medium normalized sand of fineness modulus 2.5. The increase in
fineness is proven to enhance water need and cement hydration
[23,24,40](Section 1), hence, we expect it to have an effect upon
mortar performance and durability.

3.2. Effect of filler addition upon mortar microstructure

3.2.1. Density, porosity and pore size distribution as given by MIP
Average, minimum and maximum values for density ρ are given in

Fig. 5 for each filler proportion. These show that the structural effect
due to varying specimen dimensions is limited. The filler effect is
obvious, whereby mortar densifies up to an optimum value situated
between 0 and 25% filler amount. For higher filler amounts, density
looses only by 6.8% of its reference value (at 45% filler). Similarly, and
Fig. 5. Variation of density as a function of filler mass percentage.
although at given dry mix total volume and cement amount, Bédérina
et al. [9] show a density increase of the dry mix up to an optimal value
of filler amount which represents 9 to 16% sand mass (depending on
the sand PSD), and a regular decrease for higher proportions. This is
interpreted as filler powder first filling voids around sand grains, up to
the optimum. For higher filler amounts, those voids being completely
filled, filler powder occupies the place of sand grains, hence di-
minishing sand proportion, and consequently the mix density.

Porosity ϕ values are represented Fig. 6, as obtained by two
methods: MIP on two-months-old or one-year-old samples, or water
saturation under vacuum. Porosity remains stable (except for one year
old samples) for filler percentages of up to 15% sand mass, whereas it
almost doubles when reaching 45% filler. Porosity, beingmainly due to
water presence inside the mortar, follows a similar evolution to water
need (W/C) (Section 3.1). Normalised pore size distributions of mor-
tars are more interesting (Fig. 7). They are similar whether evaluated
at two-months old or one-year old. The 0.1/1 μm pore population
represents 17% of the total pore volume for reference mortar, whereas
it only represents 2 to 5% for filler-added mortars up to 45% sand.
While total porosity increases, filler addition clearly limits pore
populations to lower sizes, in majority below 0.1 μm: 73% pore volume
is below 0.1 μm for the reference mortar, whereas it represents 89% to
93% pore volume for filler-added mortars. This effect is referenced in
[40] for a finer calcareous powder than used here (more than 50%
particles below 0.1 μm). The finer pore structure is attributed to the
nucleation effect: the introduction of a large number of nucleation
sites could induce a more homogeneous distribution of C–S–H and,
hence, a less open pore structure. This effect would be rather in the
capillary pores than in the gel pores. As recalled by Bédérina [9],
Ushikawa et al. [17] have shown that adding mineral powder in
concrete reduces the size of hydration products, inhibits the deposit of
Portlandite Ca(OH)2 thanks to their filling role, and, consequently,
decreases pore size.

3.2.2. SEM observations and capillary absorption
Fig. 8 displays capillary absorption results as a function of the

square root of time and for different filler amounts (three samples per
mortar type). Two phases may be noticed, as detailed in [38]. The
initial linear phase corresponds to the filling of the bigger capillary
pores, and lasts up to 4 h only. The second non-linear phase cor-
responds to the filling of the smaller and finer pores and lasts up to
7 days immersion. On the whole, comparable evolutions of capillary
absorption are observed for filler proportions of up to 25% sand mass.
Fig. 6. Variation of porosity as a function of filler percentage. Porosity is evaluated by
two different methods: mercury intrusion porosimetry (MIP) and water saturation
under vacuum.



Fig. 7.Mercury Intrusion porosimetry: normalized cumulative pore volume is given as a
function of pore diameter for the reference mortar and for each of the filler-added one-
year old mortars.
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These are moderate with capillary absorption coefficient Ca ranging
from 0.52 to 0.65 g/cm2 after 7 days immersion. With 35 and 45% filler
addition, Ca notably increases with average values of 0.84 g/cm2 and
1.27 g/cm2 respectively after 7 days. Capillary absorption values at 45%
filler are double of those at 25% filler, in accordance with total porosity
increase.When considering the two successive absorption phases, it is
also noticed that after the filling of the larger pores (from 4 h, i.e.
√t=2 h1/2), capillary absorption is greater for 35% and for 45% filler
mass percentage rather than for 0,15 or 25% filler addition. Thismeans
that filling of smaller pores is greater from 4 h to 7 days immersion for
highly filler-added mortars, i.e. that smaller pores are more numerous
with higher filler amounts. This is in accordance with MIP results.

SEMobservations of unpolishedmortar surfaces at 15 and 45% filler
amounts are a complementary investigation means (Fig. 9a and b).
Visual inspection shows that the average pore size decreases sig-
nificantly between 15% filler amount and a much higher 45% filler
Fig. 9. SEM micrographs of unpolished mortar samples with 15% or 45% filler addition.
Pores are in black and appear smaller for the 45% filler addition sample.

Fig. 8. Capillary absorption as a function of square root of time and filler mass
percentage.
amount. Complementarily to capillary absorption andMIP results, this
contributes to show that, despite total porosity increase, high filler
amounts induce a notably finer pore size population.
Fig. 10. Variation of Young's modulus as a function of filler mass percentage.



Fig. 13. Variation of intrinsic permeability and Klinkenberg coefficient β as a function of
filler mass percentage.Fig. 11. Variation of ultimate compressive stress σucs and ultimate flexural stress σUFS as

a function of filler mass percentage.
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3.3. Effect of filler addition upon mechanical performance

Fig. 10 displays Young's modulus E evolution with increasing filler
proportion. This evolution follows symmetrically that of (W/C) and
porosity: the higher the porosity, the more flexible the mortar is, i.e.
the lower Young's modulus E is. Filler additions of up to 15% sand
induce greater Young's modulus by 15%. Above 15% filler amount, E
diminishes down to 23% of its initial reference value. The finer pore
size distribution does not appear to influence Young's modulus.

Ultimate compressive and flexural strengths are not influenced by
filler proportion in quite the same way as Young's modulus (Fig. 11).
Due to its low average value (7.1 MPa), the evolution of flexural
strength σUFS is less marked than that of compressive strength σUCS.
Nevertheless, both ultimate compressive and flexural strengths (σUCS

and σUFS) increase for filler additions of up to 15% sand mass, with
increasing density and decreasing porosity. Most interestingly, σUCS
Fig. 12. Variation of apparent permeability Kapp as a function of (1/Pm) and filler mass
percentage. Lines represent the best linear fit to the data in the least squares sense.
and σUFS do not decrease notably above 15% filler amount. At 45% filler,
σUCS is lower than the reference value by only 3%, and σUFS remains
higher than the reference value by 17%. Optimal strength values are
obtained between 0 and 25% filler addition, with 27% greater com-
pressive strength and 30% greater flexural strength at 15% filler.
Whereas porosity sharply increases with high filler amounts, strength
evolutions are not linked with porosity solely. Several combined
effects may be called upon to explain strength maintenance. In
presence of filler, the solid skeleton may be strengthened thanks to a
more homogeneous distribution of smaller C–S–H crystals, finer pore
structure, accelerated cement hydration. The 6.8:1 size ratio between
sand and filler is of influence there (d50(sand)=80 μm and d50(filler)=
11.8 μm) [21]. Moreover, the bond between cement paste and sand
particles may be strengthened thanks to the reduction of the wall
effect provided by the fine particles filling [23]. On the contrary,
strength loss, such as that observed here between 15 and 45% filler, is
quite well explained: strength decreases with increasing (W/C) ratio,
which is the case here. Celik et al. [8] observe that, beyond an optimal
value of crushed stone dust addition (determined at 10% sand mass
replacement in their study), the amount of fines increases so much
that the cement paste is not able to coat all fine and coarse particles
(i.e. filler as well as sand). This phenomenon weakens the cement-to-
aggregate bond and hence leads to a loss in compressive strength for
higher filler amounts than the optimal value. Yet, this is not the case
Fig. 14. Shrinkage results as a function of relative humidity and filler mass percentage.



Fig. 15. Mass loss results as a function of relative humidity and filler mass percentage.
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here where cement and filler have similar particle size ranges. As
Kolias et al. [36] state, strength changes in cementitious materials may
be attributed to the interaction of paste thickness, i.e. paste volume,
bond strength and modulus of elasticity of paste and aggregates.

3.4. Effect of filler addition upon durability

3.4.1. Gas transport properties and Klinkenberg effect
Our gas permeability results on filler-added mortars are provided

Figs. 12 and 13. As expected, apparent permeability Kapp increases
progressively with increasing filler amount of up to three times more
than its initial value (Fig. 12). Linear interpolation from (1/Pm, Kapp)
plots provides intrinsic permeability Kint and Klinkenberg coefficient
β variations (Fig. 13). Intrinsic permeability Kint decreases down to a
minimal value of 4.5×10−17 m2 at 15% filler, and then, Kint increases of
up to 1.19×10−16 m2 with increasing filler amount: this follows similar
evolution to (W/C) ratio, i.e. to porosity. Indeed, Kolias et al. [36] state
that the main factor influencing transport properties of concrete is its
paste porosity. Celik et al. [8] observe a decrease in air content, con-
comitant with a decrease in water permeability, with up to 30% filler
amount. They explain that filler powder blocks the passages con-
necting capillary pores and water channels. This blockage is affected
by the amount of filler, in the sense that the more fluid passages are
blocked, the more impermeable the cementitious specimen be-
comes. Most interestingly, Kint remains below or equal to the reference
value (at 0% filler) for filler amounts of up to 35%. Complementarily,
Klinkenberg coefficient β increases continuously up to 35% filler
amount, from 1.6 to 5.2 MPa. A smaller value of 3.4 MPa is obtained at
45% filler. Yet, due to measurement accuracy, a general increase in β
may be concluded from these results, which is indicative of an average
entry pore size decrease. Klinkenberg coefficient evaluation is
certainly not sufficient to identify an average pore size value, all the
more so as its evolutionwith increasing filler amount is quite irregular
(Fig. 13). Yet, it follows a trend (that of finer pore population), which is
correlated by other results obtained with very different experimental
techniques.

3.4.2. Drying shrinkage and mass loss
Drying shrinkage andmass loss results are given after 250 days test

(Figs. 14 and 15). When relative humidity (RH) decreases from 97.6%,
drying shrinkage is equivalent whether themortar is added with up to
35% filler or not. For 45% filler, drying shrinkage at RH=23% is greater
of 11.6% than the reference value. On the opposite, mass loss de-
creases with filler amounts of up to 35%, whereas it is greater than the
reference at 45% filler. In terms of drying shrinkage andmass retention
capacity, filler addition is not harmful for filler amounts of up to 35%.
4. Conclusion

This study aimed at helping valorise local limestone sands, which
may contain high calcareous filler proportions, of up to 45% sandmass,
i.e.135% cementmass. To that purpose, filler-addedmortars have been
formulated by substitution to sand, with constant workability and
cement amount. Microstructural, mechanical and durability proper-
ties have been investigated simultaneously using varied experimental
techniques. The absence of potentially harmful clayey constituents has
been checked through XRD analysis, while the fineness modulus de-
crease of the dry (sand+filler) mix is proven to remain within au-
thorized standards up to 35% filler. During mortars formulation, water
need ranges between the usual water-to-cement ratio (W/C) and a
water-to-equivalent hydraulic binder ratio (W/C+0.25F) due to
calcareous filler activity (French Standard XP P18-305), so that it
decreases up to 15% filler, and then increases for higher filler amounts.
This is the consequence of two opposite effects. On one part, water is
getting adsorbed at the surface of filler particles. As filler specific
surface is higher than that of sand, water demand increases due to the
adsorption phenomenon. On another part, filler particles fill up voids
so that water has less pore space available. On the whole, less free
water is present whereas the amount of adsorbed water increases.
Porosity follows similar evolution to water need. Density reaches a
maximum situated between 0 and 25% filler, so that the usual filler
effect is evidenced, and looses less than 10% of the reference value (0%
filler) at 45% filler. As for them, Young's modulus and intrinsic per-
meability follow symmetrically the evolution of water need, i.e. of
porosity. Indeed, mortar rigidity is directly driven by its porosity:
when porosity increases, Young's modulus decreases, i.e. the mortar
becomes more flexible. Porosity increase also provides more room for
gas to pass through the mortar, which induces a corresponding in-
crease in its permeability. Most interestingly, intrinsic permeability
remains below or equivalent to that without filler, for filler amounts
up to 35%. Mechanical (compressive and flexural) performance is
improved by filler addition, or remains equivalent to the reference
value. Optimal compressive and flexural strengths are obtained be-
tween 0 and 25% filler mass percentage. This is interpreted as being
due to the void filling effect and to the cement paste strengthening
(and/or to the cement paste/sand aggregate bond strengthening)
allowed by the presence of filler. Along with capillary absorption and
SEM results, MIP shows that a finer pore structure is obtained with
increasing filler content. Following a similar trend, Klinkenberg coef-
ficient β increase shows that, despite total porosity increases, the
entry pore size diminishes. In light of this study, it is concluded that
proportions of calcareous 0–100 μm fillers of up to 35% sand mass, i.e.
105% cement mass, do not affect notably the mechanical, shrinkage
and transport performance of mortars, which is economically
important, particularly in Algeria, but also for major European coun-
tries. Further investigations will focus upon potential chemical attacks
(sea-water, acid-water, sulphate, leaching, etc.) for better durability
assessment [41].
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