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This study investigated the flow properties (slump, flow time, apparent viscosity at different shear rates)
of cement/metakaolin-based mortars. The mix proportion that was used per weight was 3:1:0.5 (sand:-
binder:water), and the binder was composed of either 100% cement (OPC) or combinations of cement and
metakaolins (MKi). Replacement rates of cement with MK were 12.5% and 25% per weight. Four metaka-
olins produced in two areas with two processes of calcination (fluidized bed and flash calcination) were
employed. Their chemical and mineralogical compositions, physical properties, size distribution and
morphology were fully characterized. Relationships between various MK properties and the flow proper-
ties of mortars were studied. Results show that metakaolins can produce significant differences in the
flow of mortars, depending on their physical and chemical properties. In particular, the nature and con-
tent of impurities are key factors acting directly on the morphology of the distribution of the constituting
particles and the water demand of MK. All these parameters control the rheological properties of the
resulting cementitious suspensions. The mode of calcination is a second order factor influencing the
shape of particles, since the flash process can smooth the surface of the smallest particles. More specif-
ically, the high quartz content present in flash MK as rounded particles is minimally or not at all affected
by the calcination process, and maintains flow properties more successfully than mortar incorporating
cement only.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction Metakaolin (MK), Al2Si2O7 or AS2 in cementitious notation, is
With a current global cement production rate of 1.2 billion tons
per year that is projected to grow to 3.5 billion by 2015 [1] the
ever-growing demand is becoming an increasing financial burden
for governments and municipalities. Also, the use of OPC (for in-
stance, CEMI 52.5R in European standard) poses environmental
concerns (significant CO2 emissions [2] and significant thermal en-
ergy [3]) and incurs increased costs due to eco-taxes established
following the Kyoto Protocol [4].

The search for alternative binders and/or cement replacement
has led to the use locally available mineral additions. At present,
metakaolins, as pozzolanic materials, appear to satisfy a number
of economical, performantial and environmental requirements.
obtained through the calcination of kaolinitic clay (Fig. 1, according
to [5]) at temperatures between 700 �C and 800 �C. The dehydrox-
ilization is brought on by the application of heat over a defined
period of time. Two types of calcination exist:
(i) ‘‘Flash process,’’ in which, after a crushing phase, the clay
particle is immediately calcined as it goes through the flame
burner [6–8];

(ii) ‘‘Fluidized bed process,’’ in which the raw clay is baked in a
kiln over several hours before the crushing phase [9,10].

Compared to cement production, the production of MK leads to
less CO2 (Eq. (1)) being released into the atmosphere (1 ton of MK
produced = 175 kg of CO2 released [11]). It also requires less ther-
mal energy than that consumed during clinker production (1 ton
of MK produced = 2.95 GJ).

Al2O3ðSiO2Þ2ðH2OÞ2 ! Al2O3ðSiO2Þ2ðH2OÞðH2OÞxþ ð2� xÞH2O
ð1Þ

The pozzolanic activity of metakaolin (MK) in cement-based
materials in the hardened state has been widely studied in terms
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Fig. 1. Kaolinite structure [5].

Table 1
Physical and chemical properties of CEM I 52.5R cement.

Physical characteristics
Specific gravity (g/cm3) 3.15
Fineness by (cm2/g)

– Blaine method: 4200
– BET N2 method: 13,000

D50 (lm) 13.00
Coefficient of uniformity Cu** 4.3
Coefficient of curvature Cc*** 1.2
Water demand [27] 0.28
Compressive strength at 28 days (MPa) 64.70

Chemical composition*

SiO2 Al2O3 Fe2O3 CaO MgO K2O NaO2 SO3 LOI
19.85 4.80 2.75 63.60 1.45 0.90 0.15 3.45 2.20

Composition and Bogue formula*

Clinker Mineral admixture Gypsum C3S C2S C3A C4AF
92.00 3.00 (limestone) 5.00 62.00 10.20 8.10 8.40

* %Weight.
** Cu = D60/D10 where D10 and D60 are the particle diameters at 10% and 60%
passing.
*** Cc = D2

30/D10D60 where D10. D30 and D60 are the particle diameters at 10%. 30%
and 60% passing respectively.
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of neoformed hydrated phases (C–S–H gel, C2ASH8, C4AH13 and
C3AH6) [12–14], and improvement of hardened properties
(strength, durability) for replacement rates ranging from 10% to
25% by mass of cement. [15–18]. However, despite the fact that
there are numerous studies dealing with hardened properties of
MK-based cementitious materials, studying the impact of MK
incorporation on properties of cementitious materials in the fresh
state is important to ensure good placing conditions. Many studies
have also been conducted on this subject.

Gaboriau et al. [19] showed that the major problem with
metakaolin (MK produced by fluidized bed) incorporation into
cementitious material is the water requirement, which is due to
a high specific area (17 m2/g) and an involved morphological struc-
ture (irregular structure).

Wild et al. [20] studied the workability of concretes incorporat-
ing metakaolin (MK produced by fluidized bed with 40% impurity)
at replacement levels by mass of ordinary Portland cement (OPC)
at 0%, 5%, 10%, 15%, 20%, 25%, and 30%, with a constant the
water-binder ratio (w/b) (0.45). OPC concrete mixture proportion
was 1:2.3:3.4 (water:binder:aggregates). The results showed that
the increased incorporation of superplasticizer (from 0% to 3.6%
of binder weight), to offset the increased water demand at
increased metakaolin levels (0–30%), increased the slump
(5–90 mm). An increase in compacting factor (0.81–0.90) and a
decrease in Vebe-time (26–5 s) occurred when MK was incorpo-
rated up to 30%.

Brooks and Johari [16] reported on the slump and setting times
of concretes containing 0%, 5%, 10%, and 15% metakaolin (MK pro-
duced by fluidized bed with 20% impurity). The control concrete
mixture proportion was 1:1.5:2.5, with water-binder ratio by mass
(w/b) of 0.28. A decrease in slump (100–5 mm) occurred with the
increase in MK content (0–15%).

Bai et al. [21] used a neural network to predict the workability
of concrete incorporating metakaolin (MK produced by fluidized
bed with 20% impurity). On the basis of developed models, the ef-
fects of MK were analyzed on iso-slump maps as a function of w/b
(0.25, 0.4, 0.5) and cement/MK combinations. The prediction re-
flected the effect of the graduated decrease in slump with pozzola-
nic replacement of Portland cement up to 15% MK.

Li and Ding [22] investigated the consistency of Portland ce-
ment containing metakaolin (MK produced by fluidized bed with
25% impurity), comparing pastes containing 100%, and 90% cement
and 10% MK, respectively. For the reference binder, the standard
consistency was 29.1% [23]. The cement-only mixture had the low-
est water requirement, and the MK-blended cement had the high-
est water requirement at 29.1%.

Badogiannis et al. [24] reported the results of water demand
and setting times of cements containing five metakaolins. The
metakaolinite contents of the first four metakaolins (MK1, MK2,
MK3, and MK4, derived from poor Greek kaolins) were 36%, 37%,
71%, and 49%, respectively, whereas in the final, high-purity com-
mercial metakaolin (MKC), the contents were 95%. Cement was re-
placed with 0, 10, and 20% metakaolin by mass. The study
concluded that blended cements require significantly more water
than the relatively pure cement. Metakaolin content of 10% re-
sulted in a water demand that varied from 29.0% to 32.5%, while
the PC was 27.5%. Metakaolin content of 20% resulted in a water
demand that varied from 31.5% to 41.5%. MK1 and MK2 showed
the best behavior, with a lower increase in water demand that
could be attributed to the high fineness of the metakaolin and to
particle size distribution with more small particles.

These studies point out a number of relevant parameters for the
influence of MK on the properties of fresh cement-based mixes,
including water demand, purity and particle size. However, several
questions remain to be studied: (i) is it possible to categorize MK in
relation to the flow properties of the whole mix, just based on the
criterion of MK water demand, and (ii) can an MK with a significant
water requirement and dilution generated by impurity (quartz or
illite) be incorporated into cementitious materials without alter-
ation of behavior in the fresh state?

This paper is part of a broader study dealing with the replace-
ment of cement with metakaolin in slip-forming concrete for man-
ufacturing precast and steam-cured elements. Here, four
metakaolins that differed in terms of the calcination process, impu-
rity content and water demand were examined. These properties,
coupled with investigations on particle morphology, were consid-
ered in order to assess the influence of MK incorporation on the
rheological properties and workability of fresh mortars.

2. Experimental program

2.1. Raw materials

2.1.1. Cement
A Portland cement CEM I 52.5R, which complied with the Euro-

pean standard EN 197-1 [25], was used. The denominations ‘‘R’’
and ‘‘52.5’’ correspond to a high reactivity at early ages, and a
28-day minimum compressive strength of 52.5 MPa guaranteed
on normalized mortars according to EN 196-1 [26], respectively.
All characteristics (physical and chemical) are given in Table 1.
The size distribution of the cement is plotted on Fig. 2.

2.1.2. Normalized sand
The normalized sand (Leucate) was uncrushed, siliceous (98% in

weight), natural sand ranging from 0.08 mm to 2 mm. Grading
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Fig. 2. Mass size distribution of cement and MKi (sedigraphy method).

Table 2
Metakaolins (MKi) used within the test program.

Production area A
(Clérac, 17 France)

Production area B
(Fumel, 47 France)

Production areas
Calcination by fluidized bed MK1 MK3
‘‘Flash’’ calcination MK2 MK4

MK1 MK2 MK3 MK4

Physical properties
Specific gravity (kg/m3) 2519 2500 2608 2600
BET N2 (cm2/g) 187,000 180,000 120,000 150,000
D50 (lm) 11.50 26.00 50.00 31.00
Cu 42.5* 50.0* 32.8 3.2
Cc 2.35* 0.98* 2.58 0.73
Water demand [27] 0.62 0.72 0.59 0.57
Strength activity index 1.06 1.03 0.94 0.99

MK1, MK2 MK3, MK4

Chemical composition (%weight)
SiO2 56.20 68.70
Al2O3 37.20 25.70
Fe2O3 1.40 2.30
CaO 1.20 0.70
MgO 0.20 Trace
K2O 1.20 0.20
LOI 2.10 0.80

MK1, MK2 MK3, MK4

Molar proportion of mineralogical phase and associated structural formulas (%)
Metakaolin Al2O3(SiO2)2 68 53
Quartz SiO2 13 43
Illite K0.90(Si3.30 Al0.70) (Al1.80 Fe0.05 Mg0.15) O10

(OH)2

11 Trace

Haematite Fe2O3 Trace 1
Water H2O 5 1
Other 2 1

* Values deduced from the estimate of D10 values (0.4 lm and 1 lm for MK1 and
MK2, respectively) on laser diffraction curves.

Table 3
Mix designs of one batch of mortar (g).

Designation
(i = 1. 4)

Cement Metakaolin MKi
(i = 1.4)

Sand Water

M-0% 450.00 0.00 1350.00 225.00
M-12.5MKi 393.75 56.25 1350.00 225.00
M-25%MKi 337.50 112.50 1350.00 225.00
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complied with the requirements of EN 196-1 [26]. The absorption
value of the sand was 0.19%, and the relative density at saturated
dry surface condition was 2.68.

2.1.3. Metakaolins (MKi)
Four metakaolins (MK1–MK4) from two extraction areas, cal-

cined with two different processes (fluidized bed and flash), were
studied. The first production area corresponds to a highly pure de-
posit. Metakaolins from the second area have a higher impurity
rate, particularly pertaining to quartz. Table 2 presents information
about MK production (extraction area and calcination mode). The
physical, chemical properties and molar proportion of the mineral-
ogical phase of metakaolins, which also appear in Table 2, are cov-
ered in more detail in Section 3.1. The size distribution of the four
MK is shown in Fig. 2.

2.2. Binder and mixing

The batch for the reference mix without MK, designed according
to European standard EN 196-1 [26], was composed of three parts
by mass of sand, one part of cement and a half part of water. All
mixes with MK had the same proportions of sand, powder (cement
and mineral admixture) and water as the reference mix. As it gen-
erally used in the concrete industry [27], cement replacement with
MK was expressed as the mass fraction of cement in the control
mix. Replacement rates were 12.5% and 25%. Beyond 25% replace-
ment, preliminary studies showed that workability and placing of
mortars were impaired due to water demand of MK [28]. Table 3
shows the denominations and compositions used in this study.
For each composition, a 1.2L batch was prepared using a mixer
with 2L capacity. The mixing sequence complied with EN 196-1
[26].

2.3. Tests

2.3.1. Powder characterization
Based on information obtained from XRD, SEM, chemical com-

position and fineness, characterization of size distribution and
morphology were carried out to explain the flow properties of
MK-based mortars, depending on the nature of MK. The flow prop-
erties of suspensions were largely dependent on the size and shape
of the suspended particles, which is illustrated in Legrand and
Metzner [29,30]. To assess differences in the flow behavior of the
studied mortars, particle size and shape information of cement
and metakaolin were determined using an optical microscope
equipped with an automated particle characterization system.
For each powder analyzed, the measurement procedure was com-
posed of two steps.
(i) The powder was dispersed with an instantaneous pulse of
compressed air; after several trials, the applied pressure val-
ues of four bars and two bars for metakaolins and cement,
respectively, were chosen as a compromise between a
homogeneous dispersion and a random orientation in each
analyzed frame and a limitation of touching particles. In
the case of metakaolin, it was not always possible to ensure
that particles did not physically touch.

(ii) Several areas of the sample were observed at a magnification
of 20�; particle size and shape indicators were determined on
30,000 grains (since the measured properties did not signifi-
cantly change from 15,000 particles). 20� magnification
was chosen to avoid particles that were larger than 40% of
the field of view, as recommended, and provide sufficient res-
olution for particles larger than 1 lm. Accordingly, size and
shape analysis was not conducted on the smallest grains.

From each particle included in the sample, a two dimensional
(2D) image was captured and various size and shape parameters
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were calculated. A hole filling was applied to each image for an
accurate estimation of particle length and width. The size was eval-
uated using the Circle Equivalent diameter (CE diameter), which is
the diameter of a circle with the same area as the 2D image of the
particle. A number distribution in terms of size could then be
deduced.

A single shape indicator cannot completely discriminate differ-
ent particle shapes [31]. However, based on analysis of projected
particle images issued from observations using a light microscope
equipped with a digital camera, Hentschel and Page [32] found that
at least two descriptors are required to characterize the attributes
of shape, i.e., elongation and ruggedness. Accordingly, shape was
described in this study using three 2D descriptors ranging from 0
to 1, and defined as the ratio of two particle size measurements.

Circularity is the ratio of the perimeter of a circle with the same
area as the particle divided by the perimeter of the actual particle
image. Circularity quantifies how close the shape is to a perfect cir-
cle and is sensitive to both overall shape and surface roughness.

Convexity is the ratio between the convex hull perimeter and
the actual particle perimeter. Convexity is sensitive to changes in
the surface roughness of a particle, but not its overall shape. A va-
lue of 1 corresponds to a smooth shape while a value closer to 0 is
representative of a very ‘‘spiky’’ or irregular object.

Elongation is calculated as 1-width/length. A shape that is sym-
metrical in all axes such as a circle or square, has an elongation va-
lue of 0; shapes with large aspect ratios have an elongation closer
to 1. Elongation is unaffected by surface roughness.
2.3.2. Fresh test characterization
Immediately after mixing, mortars were subjected to workabil-

ity tests (Sections a and b) and rheological tests (Section c).

(a) Static test

The slump test was used to determine static properties of fresh
mortars at 5, 15, 30, 45, 60 min after t0 (water introduction in dry-
ing blending). The slump was measured using a mini-cone (Fig. 3a)
with dimensions proportional to the Abrams cone, with a ratio of
0.5 [33].

(b) Dynamic test

The dynamic test was performed with an LCL workabilimeter
[34]. The experimental instrument, shown in Fig. 3b, recorded
the flow time of vibrated mortars placed in a metallic container.
This test conveyed exclusively viscous flow ability because the
yield stress was inhibited by vibration (50 Hz and 1 m s�2).
Measurements were also carried out at 5, 15, 30, 45, 60 min after
t0 (water introduction in the dry blend).
(a) Mini-cone slump (b) LCL workabil

Fig. 3. Fresh ma
(c) Rheological test

A modified viscometer Rotovisco RV2 (Haake) was used for rhe-
ological testing. To avoid slip, the inner rotating bob was replaced
with a six-blade vane (Fig. 3c), which drags a cylindrical block of
mortar. The gap was wide enough to allow the medium to be con-
sidered infinite. Each test performed at 20 �C required 1 L of mor-
tar. All the mortars were subjected to vibration because they
exhibited a stiff consistency. To that end, the outer cup was fixed
on a vibrating table (50 Hz and 1 m s�2) and the elimination of
the time-dependent behavior by the vibration enabled a single sig-
nificant flow curve, obtained by decreasing velocities [29]. The
same experimental protocol was used for all mortars to obtain
the same shearing history, so that it took place during the first
15 min after mixing. The directions for use and the equations for
shear stress s and velocity gradient _c have been previously pub-
lished [29].
3. Results

3.1. Powders characterization: C and MKi

Before developing the properties of mortars in the fresh state,
the characterization of the powders were considered in more
detail.
3.1.1. Chemical composition and mineralogical characteristics of MK
As far as chemical properties are concerned (Table 2), the funda-

mental difference between the MKi coming from the two produc-
tion areas is the ratio of SiO2/Al2O3 rate (1.51 for area A and 2.67 for
area B). Considering a ratio of SiO2/Al2O3 equal to 1.18 in pure MK,
it can be assumed that the impurity content of MK1 and MK2 (area
A) is less than MK3 and MK4 (area B).

For mineralogical characteristics (Table 2), XRD analysis allows
us to compare rate of amorphization semi-quantitatively, as ob-
tained by the area of halo centered on 3.8 Å (2h = 27.07�). As shown
in Fig. 4a, a more amorphous structure was visible for metakaolins
created by flash process (MK2 and MK4) than those created by flu-
idized bed (MK1 and MK3). Moreover, other crystallized phases –
which are considered impurities – were also in the four MKi. But,
as expected, more impurities (quartz, illite and kaolinite) were
present in MK3 and MK4 (area B) than in MK1 and MK2 (area A).
Using structural formulas (Table 2), it was found that the meta-
kaolinite content was more important for MKi coming from site
A (�68%) than for the MKi from site B (�53%).
3.1.2. SEM observation of MK powder
Fig. 5 presents SEM observation in secondary electron imaging

mode. Qualitative comments are outlined below.
imeter (c)Viscosimeter

terial tests.
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Fig. 4. XRD diagrams of MKi.
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(a) Particle size

MK1 and, to a lesser extent, MK2 (area A), seemed to incorpo-
rate more fine particles. Coarse elements (around 100 lm) were
visible in MK3 and MK4 (area B).

(b) Particle morphology

Despite a layer structure that is representative of kaolinite
(Fig. 1), two kinds of morphology can be observed according to
the calcination process. First, for MK1 and MK3, the sequence of
fluidized bed calcination followed by crushing phase generated a
particle population with an angular and salient shape. Second,
when the process was made up of the crushing phase followed
by flash calcination, metakaolin (MK2 and MK4) exhibited more
rounded particles. Moreover, the instantaneous thermal treatment
might have generated vitrified particles with a perfect roundness.

The observed differences in shape, size, distribution and impu-
rity content of the tested metakaolins should have an influence on
the flow properties of mortar at the fresh state. Size distributions
and morphology of powders are now developed in a quantitative
way. This characterization of metakaolins will be discussed further
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Fig. 5. SEM images of MKi (1000� magnification, SEI mode).
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later in this paper, with respect to their origin and mode of produc-
tion (Section 4.1) and in relation with the flow properties of mor-
tars (Section 4.2).
Cement MK1 MK2 MK3 MK4
D(n, 10) µm 1.7 0.7 0.8 0.9 0.9
D(n, 50) µm 4.6 3.4 4.6 6.0 2.5
D(n, 90) µm 9.8 13.7 15.2 16.9 8.8
% < 5µm 55.3 60.9 52.9 43.6 76.5

Fig. 6. Number size distribution of powders (image analysis).
3.1.3. Size distribution and morphology of powders

(a) Mass size distribution
Considering the grading coefficient Cu and Cc (Tables 1 and 2),

fairly narrow particle size distributions with a predominance of
fine particles were observed on cement and MK4, while spread
particle size distributions with a predominance of fine particles
were visible for MK1 and MK2. Only MK3 presented a spread dis-
tribution without a predominance of any size class. Fig. 2 presents
the grading size distribution of cement and MKi obtained by the
sedigraphy method (dispersion of particles by means of ammonia).

When compared with cement, the content of fine particles was
larger for MK1 and MK2, and smaller for MK4 (10 lm passing less
than 5%). This is consistent with SEM observations. In parallel, MK2
and MK3 exhibited the most extended particle size distribution
(Fig. 2). However, the significant amount of coarse particles in
MK2, MK3 and, to a lesser extent, MK4 can be attributed to
agglomerates of fine particles insufficiently dispersed during sedig-
raphy measurement. Indeed, the interparticle forces (electrostatic
and Van der Waals ones) can be emphasized by the admitted
flat-shaped particles of metakaolin [35]. In addition, the significant
fineness (>12 m2/g, Table 2) can be attributed to a distribution finer
than the measured one, but also to an existing surface porosity and
ruggedness of particles. This significant fineness is linked to a high
water requirement (Table 2).

(b) Number size distribution

The number size distributions of cement and metakaolins,
based on the CE diameter, are shown in Fig. 6. No comparison is
possible with the sedigraphy method in Fig. 2 (where a mass or
volume distribution is made according to the hydraulic diameter),
but supplementary information is available. Indeed, based on evi-
dence shown in Fig. 6, the number of particles was more important
for MK4 than for the other metakaolins in the [1–10[-lm class.
Below 1 lm, similar distributions were observed for metakaolins
(a difference which is at most equal to 3% passing). In comparison
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with cement, coarser particles were visible beyond 4 lm, 5 lm,
6 lm and almost 10 lm for MK3, MK2, MK1 and MK4, respectively.
This can be attributed to agglomerates, considering how difficult it
was to completely avoid the touching of particles in metakaolin
powders. This is an issue inherent to the nature of metakaolin,
and particularly the flat-shaped particles that metakaolin contains.

(c) Morphology

The mean values per size class of the shape descriptors, i.e., con-
vexity, circularity and elongation, as well as the 95% confidence
intervals for the mean values, are plotted in Fig. 7. Normality tests
such as the one conducted by Shapiro–Wilk [36] showed that the
descriptors are not normally distributed. In that case, the confi-
dence intervals could not be calculated by classical parametric
methods. Instead, they were produced using the bootstrap tech-
nique [37]. This re-sampling technique consisted of randomly
choosing a set of data pertaining to the sample of particles, with
replacement among the initial data of the sample. Thus, while a
value appears in the actual sample, it may not appear in the re-
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Fig. 7. Shape descriptors of powders – convexity (7a), circularity (7b), elongation
(7c).
sample, or could appear more than once. The re-sampling was re-
peated 1000 times to build a great number of samples, on which
1000 mean values of descriptors were calculated and a distribution
of mean values obtained. Finally, a 95% confidence interval was de-
duced from the 2.5th and 97.5th percentiles of the distribution.
Several observations can be made based on Fig. 7.

– Similar evolutions were observed according to the nature of the
powder for convexity ((Fig. 7a) and circularity (Fig. 7b); the clo-
ser a particle is to a circle, the less surface ruggedness it pre-
sents and vice versa. This finding is consistent with a previous
study on particles of metal alloys [32]. Accordingly, both
descriptors will also be discussed indirectly in the points below.

– Irrespective of size class, the roundest and the least elongated
particles were observed in the cement and MK4. The shape
descriptors did not change significantly between the two
powders.

– In comparison with MK1, MK2 and MK3, metakaolin MK4 con-
tains significantly fewer elongated particles and more rounded
and smoothed particles ranging in size from 10 lm to 40 lm
(Figs. 7a and b). In the finest ([1–5[ lm) and coarsest
(P40 lm) classes, all of these significant differences remained
except for elongation. Elongation was significantly higher in
the [1–5[-lm class for MK2 than for the other metakaolins.

– In the [5–10[-lm class, circularity and convexity were signifi-
cantly higher for cement than for all four metakaolins. Elonga-
tion remained the highest for MK2.

3.2. Flow properties of mortars

This section details a systematic comparison that was carried
out between the flow properties of mortars made with two kinds
of binder; cement only or a cement and metakaolin combination.
As mentioned earlier, all mixes incorporated the same amount of
water (Table 3).

3.2.1. Slump
Table 4 shows slump values at different times, after the incor-

poration of water into the dry mix (t0). When metakaolin was
incorporated, there was a decrease in slump. This decrease was
emphasized when the replacement rate was increased from
12.5% to 25%, so much so that only slight slump or no slump at
all was observed at t0 + 5 min. The dramatic decrease in slump at
t0 + 5 min is associated with the increase in the water demand of
metakaolin (Table 2). At a replacement rate of 25%, no slump
was measured from t0 + 30 min. It is well-known that slump is
linked to yield stress (see [38] for an example). Hence, the incorpo-
ration of metakaolin should increase yield stress in the resulting
suspensions. In fact, the irregular surface texture and the possible
high open porosity of metakaolin, globally associated with the BET-
specific surface area, decreased the available water around
particles and therefore the inter-particle distance. The yield stress
can then be accentuated as a continued network of inter-particle
Table 4
Slump (mini-cone) according to the time (mm) – experimental dispersion = ±3 mm.

t0 + . . . . . .5 min . . .15 min . . .30 min . . .45 min . . .60 min

M-0 38 28 9 5 1
M-12.5MK1 12 2 0 0 0
M-12.5MK2 1 0 0 0 0
M-12.5MK3 16 7 2 0 0
M-12.5MK4 11 6 2 0 0
M-25MK1 0 0 0 0 0
M-25MK2 0 0 0 0 0
M-25MK3 3 0 0 0 0
M-25MK4 5 1 0 0 0
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bonds. The small inter-particle distance can also promote particle
bridging due to the development of the first hydration products,
which involves an increase of yield stress (decrease in slump) with
time.
3.2.2. LCL workability
Supplementary information on the flowability of mortars incor-

porating metakaolin can be obtained by means of the LCL workabi-
limeter (Fig. 3b). Fig. 8 presents the variation of the measured flow
time versus test time. The same behavior was observed between
the reference mortar (M-0) and the mortar incorporating MK4, at
a replacement rate of 12.5% (M-12.5MKi in Fig. 8). MK2 and MK3
showed a slight increase in flow time up to 15 min; beyond
15 min, workability loss began to be significant. The longest flow
time was consistently observed in the case of mortar incorporating
MK1.

At a replacement rate of 25% (M-25MKi in Fig. 8), loss of work-
ability was visible whatever the nature of metakaolin, in compari-
son to the reference mortar (M-0) and the M-12.5MKi mortars. This
result is consistent with Courard et al. [18]. When MK4 was incor-
porated, the increase in flow time was slight. Conversely, this in-
crease was very marked when MK1 or MK2 or MK3 were
incorporated. In these cases, beyond 30–40 min after water-binder
contact, the recommended validity limit of 90 s was exceeded.
Fig. 9. Flow curves for M-0, M-12.5MKiand M-25MKi.
3.2.3. Apparent viscosity
The variations in slump and flow time can be associated with

variations in rheological properties, i.e., static yield stress and vis-
cosity, respectively. Measurement of the static yield stress was not
possible because it exceeded the limit capacity of the viscometer
for all the mortars. The application of vibration enabled flow, and
shear dependent properties were determined in a viscous regime
Fig. 8. Evolution of time of LCL workability according to the time (M-12.5MKi,
M-25MKi).
(s0 = 0 in the Herschel–Bulkley model, s ¼ s0 þm� cn chosen to
describe the flow in Fig. 9).

All the studied mortars exhibited a shear thinning behavior
(Fig. 9) typical of the flocculent structure of cement-based suspen-
sions free of (super) plasticizer [29,39]. Even if the rheological
behavior was not modified by the incorporation of MK (the rheo-
logical behavior index n remains less than 1), there were obvious
differences based on the nature and dosage of MK. These differ-
ences are discussed here in terms of apparent viscosities that were
calculated from flow curves as the ratio between the shear stress
and shear rate. Then, for a given shear rate, quotients of the viscos-
ity measured on M-XMKi mortars were calculated, and divided by
the viscosity of reference mortar (M-0). These quotients, or relative
viscosities, are shown in Fig. 10. Maximum and minimum relative
viscosity values were also plotted in Fig. 10, which accounts for the
experimental accuracy on viscosities (5%). Shear rate values of 2, 5,
15 and 25 s�1 were chosen because they are representative of the
evolution for all common shear rates applied to the mortars. In
addition, these values were within the range of typical shear rates
encountered in concrete placement [40]: 2 s�1 and 5 s�1 are related
to traditional casting in formwork, whereas 15 s�1 and 25 s�1 rep-
resent a pumping context. Two main observations can be made
based on Fig. 10.

– When metakaolin was incorporated, there was most often a sig-
nificant increase in viscosity, since relative viscosity values
were greater than the experimental scatter of the reference
mortar; only the M-12.5MK4 mortar exhibited viscosities that
were similar to the reference beyond a shear rate value of 2 s�1.

– Whatever the shear rate, there was a dramatic increase in vis-
cosity when the amount of metakaolin was increased in mortars
incorporating MK1 or MK2. The use of MK3 did not result in as
marked an increase as the shear rate value of 15 s�1. Conversely,
the viscosities of MK4 mortar were not significantly modified
from the 12.5% to the 25% replacement level.



Fig. 10. Relative viscosity according to velocity gradient (2, 5, 15 and 25 s�1).
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4. Discussion

A number of obvious differences were visible between shape
indicators according to the nature of the metakaolin (Section 3.1).
It was also evident that the nature and dosage of MK could modify
the flow of the resulting mortars at a constant water content (Sec-
tion 3.2). There are two objectives in this section: (i) to discuss the
possible causes of the change in MK morphology (Section 4.1), (ii)
to study the relationships between flow properties of mortars and
MK properties (Section 4.2). To achieve these objectives, the exis-
tence of relationships between relevant parameters was deter-
mined using the Kendall rank ‘‘tau’’ correlation coefficient, which
was chosen because it is insensitive to an utmost point in the scat-
ter plot and no hypothesis on the normality of variables is needed
to calculate it.

The Kendall ‘‘tau’’ coefficient calculates the degree of correspon-
dence between two parameters for which paired observations are
Table 5
Kendall correlation coefficient values for the assessment of relationshi
value at the 0.05 significance level = 1.00).

Calcination mode Origin kaolinite

Convexity
[1–5[lm 0.82 0.00
[5–10[lm 0.41 0.82
[10–15[lm 0.00 0.82
[15–20[lm 0.00 0.41
[20–40[lm 0.41 0.00
>40 lm 0.00 0.41
Mean* 0.00 0.41

Circularity
[1–5[lm 0.41 0.00
[5–10[lm 0.00 0.82
[10–15[lm 0.00 0.82
[15–20[lm 0.00 0.41
[20–40[lm 0.41 0.00
>40 lm 0.00 0.41
Mean⁄ 0.00 0.41

Elongation
[1–5[lm 0.00 �0.82
[5–10[lm 0.00 �0.82
[10–15[lm 0.00 �0.82
[15–20[lm �0.41 0.00
[20–40[lm 0.00 �0.41
>40 lm 0.00 �0.41
Mean⁄ 0.00 �0.41

Significant relationships are in bold type.
* Mean value of all size classes from 1 lm.
available. The ‘‘tau’’ value is determined by identifying the concor-
dant pairs (a simultaneous increase in the parameters between
two observations) and the discordant pairs (in two observations,
an increase in one parameter and decrease in the other one) among
all possible defined pairs (Eq. (2)) [41].

\tau" ¼
P

concordant pairs�
P

discordant pairs
Total number of possible pairs

ð2Þ

Considering Eq. (2), ‘‘tau’’ will take values between �1 and +1,
with a positive correlation indicating that the ranks of both vari-
ables increase together, while a negative correlation indicates that
as the rank of one variable increases, the other one decreases.

The existence of a correlation was tested on the mean values of
the parameters at a significance level of 0.05. To that end, each cal-
culated value of ‘‘tau’’ had to be equal to or greater (in absolute va-
lue) than the critical value defined in the reference Kendall table
[41].
ps between shape indicators and properties of MK (Critical ‘‘tau’’

Water demand BET N2 Cu Cc

0.00 0.00 �0.33 �0.67
�1.00 �0.67 �0.33 0.00
�1.00 �0.33 �0.67 �0.33
�0.67 0.00 �1.00 �0.67
�0.67 0.33 �0.67 �1.00
�0.67 0.00 �1.00 �0.67
�0.67 0.00 �1.00 �0.67

�0.33 0.33 �0.67 �1.00
�1.00 �0.33 �0.67 �0.33
�1.00 �0.33 �0.67 �0.33
�0.67 0.00 �1.00 �0.67
�0.33 0.33 �0.67 �1.00
�0.67 0.00 �1.00 �0.67
�0.67 0.00 �1.00 �0.67

1.00 0.33 0.67 0.33
1.00 0.33 0.67 0.33
0.67 0.00 1.00 0.67
0.33 �0.33 0.67 1.00
0.67 0.00 1.00 0.67
0.67 0.00 1.00 0.67
0.67 0.00 1.00 0.67
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4.1. Relationships between morphology, origin, mode of calcination
and resulting properties of metakaolin (fineness, water demand and
size distribution)

The Kendall ‘‘tau’’ values between the different parameters are
presented in Table 5. The number n of pairs tested corresponds
to the number of metakaolins. The critical value of ‘‘tau’’ is equal
to 1.00. Several observations can be made.

– A strong correlation was observed between water demand and
shape indicators: ‘‘tau’’ = 1 with elongation in [1–10[-lm
classes and ‘‘tau’’ = �1 with convexity and circularity in
[5–15[-lm classes. The main interpretation was found due to
the existing amount of illite clay in MK1 and MK2 (Table 2) that
accentuated the elongation of particles (Fig. 7c) as well as the
water demand of the powder (Table 2).

– Although the relationships are not significant, convexity, circu-
larity and elongation were linked to the origin of the kaolinite
(impurity content of the raw material): ‘‘tau’’ = +0.82 with con-
vexity and circularity in [5–15[-lm class and ‘‘tau’’ = �0.82 with
elongation in [1–10[-lm class. Hence, a significant number of
quartz grains, slightly or not at all modified by the calcination
process, still existed in MK3 and MK4 (Table 2) and tended to
produce more rounded and smoothed particles in some classes,
depending on grinding intensity.

– Convexity of the finest particles ([1–5[-lm class) was only
influenced by the calcination mode (‘‘tau’’ = +0.82). The flash
process could smooth the surface of the smallest particles.

– The BET specific surface was noticeably not correlated with any
shape descriptor. This lack of correlation indicates open poros-
ity, and it is likely that it also governs water demand. However,
it is so fine that it cannot be fully accessible to the nitrogen mol-
ecules used to determine BET surface area. For this reason, there
is a weak relationship between the BET surface area and the
water demand (‘‘tau’’ = +0.60).

– Depending on the size class, significant relationships or no rela-
tionships at all were observed between the uniformity and cur-
vature coefficients and shape indicators (Table 5). However,
there is no clear explanation for these observations. Instead, it
appears more appropriate to discuss them in terms of a general
trend. Indeed, in the experimental context, rounded, smooth
particles belonged to metakaolins like MK4 presenting both
narrow size distribution and a predominance of fine particles.
Inversely, when circularity and convexity tended towards the
lowest values (i.e., particles are more elongated and irregular),
metakaolins exhibited spread size distribution, with MK1 and
MK2 or without MK3 predominance of a particular size class.

At this stage, it is possible to conclude that the quantitative
study on the morphology of metakaolin particles (Section 3.1.3)
has not confirmed all the qualitative information obtained by
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Fig. 11. Strong correlations between LCL flow time (5 min of age) and apparent
viscosities at small shear rates for a given replacement level (12.5% or 25%).
SEM observations (Section 3.1.2). This can be explained by the fact
that the notion of granulated particles is difficult to be admitted
within metakaolin and a few SEM observations are not sufficient
to objectively qualify morphological properties.

4.2. Relationships between size distribution, water demand,
morphology of metakaolin and flow properties of mortars

In this study, the number n of pairs tested corresponds to the
number of powders, with the critical value of ‘‘tau’’ that is equal
to 0.80. Before discussing the relationships between the properties
of MK and the flow properties of mortars incorporating MK, the
precise reasons for choosing some flow property values should
be explained. The slump values at 5 min of age were considered be-
cause they discriminate better between the different mixes
(Table 4). Although it is important to note that flow time (within
15 min of age for all suspensions) measured by the LCL workabili-
meter can draw an image of the viscosity at small shear rates (per-
fect correlation (‘‘tau’’ = 1) is given for 5 s�1 at the 12.5%
replacement level while it appears from 2 s�1 at 25% replacement
level, as shown in Fig. 11), there is more information provided by
the measurement of the apparent viscosities at different shear
rates. Accordingly, the influence of particle properties on viscosity
can be discussed as a function of shear intensity.

In terms of the significant relationships between flow proper-
ties of mortars and properties of MK, several points should be
mentioned.

– Although correlations were more marked at 25% replacement
than 12.5% replacement, no significant correlations were found
with the size distribution of powders (% passing less than 5 lm,
D10, D50, D90, Cu, Cc). Some trends show that flow properties can
be influenced by the smallest sizes of the distribution (% passing
less than 5 lm, D10) and the extent of the size distribution (the
more spread out the particle size distribution, the higher the
viscosity). In any case, in an experimental context, describing
MK fineness through size distribution (volume and number) is
not sufficient to explain the variation in the flow of mortars.

– Conversely, the BET surface area is significantly related to (i)
viscosity at low shear rates (2 s�1 and 5 s�1) for a 12.5% replace-
ment level, and (ii) viscosity at any shear rate for a 25% replace-
ment level (the greater the BET surface area, the higher the
viscosity values). So, despite the fact that it does not represent
the real surface of particles (Section 4.1), the N2 BET surface
area of powders (cement and MK) is a good indicator for pre-
dicting the flow of MK-based mixes.

– The water demand, depending on the open porosity of MK par-
ticles (Section 4.1), is significantly correlated to the flow proper-
ties of mortars when the replacement rate value is 25%:
‘‘tau’’ = �0.95 with slump and ‘‘tau’’ = +0.80 with viscosities at
any shear rate studied. However, as already noted in Section 4.1,
in addition to the intrinsic porosity of MK particles, the nature
and the content of impurities can also act on water demand
and morphology. For this reason, relationships between shape
indicators and flow properties are expected. The most signifi-
cant ones are provided in Table 6 and show us that circularity
and convexity acted in the same way on slump and viscosities,
which confirms that these indicators provide similar
information.

– The signs of the significant correlations showed a logical evolu-
tion between parameters: when there was a decrease in slump
and an increase in viscosity values, roundness and ruggedness
of particles decreased and increased, respectively (with a
decrease in circularity and convexity), and, obviously, elonga-
tion of particles increased. As the Kendall ‘‘tau’’ coefficient is
sensitive to the rank of the paired observations between two



Table 6
Kendall correlation coefficient values for the assessment of relationships between flow properties and shape indicators.

Reference and 12.5% replacement level Reference and 25% replacement level

Slump (5 min) Visc2s�1 Visc5s�1 Visc15s�1 Visc25s�1 Slump (5 min) Visc2s�1 Visc5s�1 Visc15s�1 Visc25s�1

Convexity
[1–5[lm 0.00 �0.40 �0.60 �0.40 �0.40 0.53 �0.60 �0.60 �0.60 �0.60
[5–10[lm 0.40 �0.80 �1.00 �0.40 �0.40 0.95 �1.00 �1.00 �1.00 �1.00
[10–15[lm 0.60 �0.60 �0.80 �0.60 �0.60 0.95 �0.80 �0.80 �0.80 �0.80
[15–20[lm 0.40 �0.40 �0.60 �0.80 �0.80 0.74 �0.60 �0.60 �0.60 �0.60
[20–40[lm 0.20 �0.20 �0.40 �0.80 �0.80 0.53 �0.40 �0.40 �0.40 �0.40
>40 lm 0.20 �0.20 �0.40 �1.00 �1.00 0.53 �0.40 �0.40 �0.40 �0.40
Mean 0.40 �0.40 �0.60 �0.80 �0.80 0.74 �0.60 �0.60 �0.60 �0.60

Circularity
[1–5[lm 0.20 �0.20 �0.40 �0.60 �0.60 0.53 �0.40 �0.40 �0.40 �0.40
[5–10[lm 0.60 �0.60 �0.80 �0.60 �0.60 0.95 �0.80 �0.80 �0.80 �0.80
[10–15[lm 0.60 �0.60 �0.80 �0.60 �0.60 0.95 �0.80 �0.80 �0.80 �0.80
[15–20[lm 0.40 �0.40 �0.60 �0.80 �0.80 0.74 �0.60 �0.60 �0.60 �0.60
[20–40[lm 0.20 �0.20 �0.40 �0.60 �0.80 0.53 �0.40 �0.40 �0.40 �0.40
>40 lm 0.20 �0.20 �0.40 �1.00 �1.00 0.53 �0.40 �0.40 �0.40 �0.40
Mean 0.40 �0.40 �0.60 �0.80 �0.80 0.74 �0.60 �0.60 �0.60 �0.60

Elongation
[1–5[lm �0.60 0.60 0.80 0.60 0.60 �0.95 0.80 0.80 0.80 0.80
[5–10[lm �0.60 0.60 0.80 0.60 0.60 �0.95 0.80 0.80 0.80 0.80
[10–15[lm �0.20 0.20 0.40 1.00 1.00 �0.53 0.40 0.40 0.40 0.40
[15–20[lm 0.00 0.00 0.20 0.80 0.80 �0.32 0.20 0.20 0.20 0.20
[20–40[lm �0.20 0.20 0.40 1.00 1.00 �0.53 0.40 0.40 0.40 0.40
>40 lm �0.40 0.40 0.60 0.80 0.80 �0.74 0.60 0.60 0.60 0.60
Mean �0.20 0.20 0.40 1.00 1.00 �0.53 0.40 0.40 0.40 0.40

Critical ‘‘tau’’ value at the 0.05 significance level = 0.80. Significant relationships are in bold type.
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tested properties, the expected relationships were found: M-0
and M-XMK4 mortars most often presented the highest flow-
ability (Fig. 10) because cement and MK4 metakaolin incorpo-
rate more rounded and less elongated particles than other
metakaolins (Fig. 7).

– The dependence of flow on morphology was marked in some
size classes, especially in the case of higher replacement levels
and higher influence of the finest classes (Table 6). Indeed,
slump and viscosity at 2 s�1 and 5 s�1 were controlled by the
shape of the smallest particles in a more marked way for the
25% replacement rate than for the 12.5% level. At higher shear
rates (15 s�1 and 25 s�1), the viscosities of mortars incorporat-
ing MK at a replacement rate of 12.5% were influenced by the
shape of particles larger than or equal to 10 lm, whereas they
Table 7
Illustrative example of data transformed into ranks (with ties).

Cement MK1 MK2 MK3 MK4

Convexity
[5–10[lm 1 4 4 2 2
[10–15[lm 1 4 4 3 2

Circularity
[5–10[lm 1 4 4 2 2
[10–15[lm 1 3 3 3 2

Elongation
[1–5[lm 1 4 5 1 1
[5–10[lm 1 3 5 3 1

Slump
5 min 12.5% 1 4 4 3 1
5 min 25% 1 5 4 3 2

Viscosity
5s�1 12.5% 1 2 5 2 2
5s�1 25% 1 4 4 3 2

Sum of ranks Ri 10 37 42 25 17

Ranking information: Convexity. Circularity and slump: from the highest (1) to the
smallest (5).
Elongation and viscosity: from the smallest (1) to the highest (5).
still depended on the morphology of particles smaller than
15 lm at a 25% replacement level. The increase in the amount
of metakaolin induces an increase in the number of the finest
particles. Hence, the number of larger particles becomes smaller
in the suspension and the influence of such particles on viscos-
ity becomes less significant.

In order to evaluate the degree to which the morphology of
metakaolins and flow of mortars are in agreement with one an-
other – and taking into account the results in Table 6, and the
experimental scatter on each measured property – the data were
transformed into ranks (with ties when there was no significant
difference between the values of a given parameter measured on
two powders or two mortars incorporating these powders).
Accordingly, for a given property of powder/mortar, ranks were
attributed for each powder (cement or MKi) and each mortar incor-
porating cement only or cement and MKi. An illustrative example
is provided in Table 7. As a result, the determination of the tie-
corrected value of the W Kendall’s coefficient of concordance is
possible. Kendall’s W is a measure of the agreement among several
k measured properties (convexity, viscosity, etc.) that are assessing
a given set of n objects corresponding to the studied materials
(powder or mortar) (Eq. (3)) [41].

W ¼ 12S

k2ðn3 � nÞ � k
Pk

j¼1

Ps
a¼1ðt3

a � taÞ
� � ð3Þ

where S ¼
Pn

i¼1ðRi � �RÞ2 is a sum-of-squares statistic over the col-
umn sums of ranks Ri (�R is the mean of the Ri values), ta = number
of ties belonging to the set a within the rank j.

The hypothesis of independence of the k rankings was tested,
and the calculated value of W (taken from the data in Table 7)
was equal to 0.89 and was mostly higher than the critical value
of W at the significance level of 0.05 (0.23). Hence, the classifica-
tions by the various parameters measured were not independent,
and powders or mortars can be classified in the same order by
whatever property was measured.
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Finally, on the basis of the information in Table 7, it can be con-
cluded that MK1, MK2 and, to a lesser extent, MK3, conferred the
stiffest consistency and lowest flowability at low shear rates be-
cause they presented the least rounded, the most rugged and the
most elongated particles in the fine classes ([1–20[ lm). Con-
versely, the reference mortar and mortars incorporating MK4 pre-
sented the finest consistency and lowest viscosity because cement
and MK4 particles are the least elongated, rugged and the most
rounded in the same size classes. This conclusion can be extended
to the viscosities at high shear rates of mortars incorporating MK at
a 25% replacement rate. At a 12.5% replacement level, the same re-
sult was maintained provided that size classes were shifted to-
wards higher values (beyond 15 lm).

All of these results clearly show that it is possible to maintain or
only minimally alter the flow properties of cement/metakaolin-
based materials if metakaolin presents specific properties. In
particular, the nature and content of impurities are key factors con-
trolling the rheological properties of cementitious suspensions.
They act directly on the morphology of the distribution of consti-
tuting particles and water demand; calcination mode seems to
be a second order factor influencing the morphology of MK. The
advantageous effect of MK4 on flowability measured at the mortar
scale has been validated in real manufacturing conditions (slip
forming concrete with 25% cement replacement by MK4 for
precast beams and slabs) without any significant change in
mechanical and durability aspects [42].

5. Conclusions

Properties of mortars incorporating four different metakaolins
(MKi) were measured at the fresh state (slump, flow time, apparent
viscosity at different shear rates). The mix proportion that was
used per weight was 3:1:0.5 (sand:binder:water). The binder was
composed of either 100% cement (OPC) or a combination of cement
and MKi. Replacement rates of cement with MK were 12.5% and
25% per weight. The metakaolins were obtained through two dif-
ferent calcination processes (fluidised bed and flash) and were is-
sued from two different extraction areas. Their chemical and
mineralogical compositions, physical properties, size distribution
and morphology were fully characterized. Despite the fact that
they are referred to as ‘‘metakaolin,’’ the results of this study show
that calcined clays can produce significant differences in the flow
of cement-based materials. The following conclusions have been
supported by this research:

– Volume and number size distribution of MK particles are not
sufficient to explain the variation in the flow properties depend-
ing on the nature of MK. However, BET surface area is a good
indicator for predicting flow of MK-based mixes.

– Slump and viscosities are strongly dependent on the morphol-
ogy of MK. When there is a decrease in slump and an increase
in viscosity values, roundness and ruggedness of particles
decrease and increase, respectively.

– The dependence of flow on morphology is marked in some size
classes. Slump is controlled by the shape of the smallest parti-
cles at a 25% replacement rate. The influence of the size and
shape of particles on viscosity is dependent on shear intensity.
At low shear rates (2 s�1and 5 s�1) and irrespective of the
replacement rate, the smallest particles remain preponderant.
At higher shear rates (15 s�1 and 25 s�1), there is a predomi-
nance of particles larger or equal than 10 lm, provided that
they are not diluted within the powder skeleton due to the
increase in the replacement rate.

– The nature and content of impurities are the main parameters
affecting the morphology of particles, and consequently, they
affect the water demand of MK and the flow properties of the
resulting mortars.

– High water demand is also dependent on an open porosity
existing at the surface of the particles of both MK and impuri-
ties. However, a part of the porosity is so fine that it is not acces-
sible to the nitrogen molecules used to measure the BET surface
area. For this reason, a weak relationship was found between N2

BET surface area and the water demand.
– The mode of calcination is a second order factor influencing the

shape of particles. The flash process can smooth the surface of
the smallest particles.

– This research has shown that an in-depth characterization of
metakaolin is necessary before use in a concrete application.
By studying the relationships between the properties of MK
and the flow of cement/MK-based mortars, it can be definitively
concluded that the water demand is not sufficient to categorize
MK in relation to the flow properties of the whole mix. Indeed,
although the water demand was always higher for any MK stud-
ied here than for cement, the high content of quartz present in
flash MK as rounded particles was minimally or not at all
affected by the calcination process, and maintained flow prop-
erties compared to those of mortar incorporating cement only.
This effect has been validated in real manufacturing conditions
(slip forming concrete with 25% cement replacement for precast
beams and slabs) without any significant change in mechanical
and durability aspects [40]. Accordingly, a metakaolin having
significant water requirement and dilution generated by impu-
rities like quartz can potentially be incorporated into cementi-
tious materials.
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