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Abstract

The utilization of supplementary cementitious materials (SCM) such as calcined clays in self-compacting concrete (SCC) could reduce the
quantity of cement as well as providing crucial environmental benefits. This study aims at investigating the influence of calcined clay on the fresh
and hardened properties of SCC. Ordinary Portland cement was partially replaced with calcined clay at replacement dosages of 10%, 20% and 30%
by weight. Fresh SCC properties conducted were slump flow, L-box and J-flow tests. Compressive strength, split tensile strength and flexural strength
tests were evaluated after 7 and 28 days curing. A relationship between compressive strength and split tensile strength was drawn. Workability
was found to decrease with increasing calcined clay content. At 28 days, SCC containing 10% calcined clay outperformed the reference concrete but
began to decline when replacement was increased to 20% and 30%. Optimum replacement was found to be 20%.
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Introduction

Self-compacting concrete (SCC) is known, in recent times, to
be one of the construction industry’s significant additions [1]. An
intriguing characteristic of SCC is its ability to flow freely and occupy
its mould under its own weight without suffering segregation. Self-
compacting concrete is mostly criticized for being more costly
than concrete that has undergone vibration [2]. However, when
compared to conventional concrete, the use of SCC is possibly
cheaper due to the potential reduction in labor, cost of vibrator and
total time needed to cast [3]. In modern times, a variety of waste
products are employed as by-products in the production concrete,
including metakaolin, ground granulated blast furnace slag (GGBS),
calcined clays, waste plastic, etc. These products, which are mostly
recycled, can be utilized in any of the fundamental components
of concrete. If the appropriate ratio is established, partially or
wholly replacing concrete materials with these products not only
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significantly reduces the overall cost of construction but also
enhances relevant properties of the concrete that is produced [4-6].

The characteristics of cementitious material in their fresh form
are significantly influenced by clays. They have been discovered
to boost the green strength of concrete even when added in small
amounts [7]. Although the mechanics are not well understood,
research has indicated that adding clays to cement paste increases
flocculation strength and floc size [8], which would appear to
increase stiffness. Since calcination requires less energy to activate
the clay than cement production does and since it is readily available
worldwide, calcined clays have gained popularity in recent years as
an alternative to the massive usage of cement. A thermal treatment
between 700 and 900 °C can be used to produce it. Several studies
have been conducted into the use of calcined clay and have been
found to improve strength, workability and durability properties
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[9-17]. In this work, experiments were conducted to verify the effect
of calcined clay (in varying percentages) on fresh and hardened
properties of self-compacting concrete. Several studies have been
conducted into the utilization of supplementary cementitious
materials such as fly ash, metakaolin and GGBS in SCC but there
appears to be little information on the use of calcined clays in SCC.
Properties such as slump, flow test, compressive strength, flexural
strength and split tensile strength have been determined and
discussed.

Experimental Study
Materials and methods

A grade 42.5 ordinary Portland cement (OPC), manufactured
by the Heidelberg Group and conforming to EN 197-1 standards
was used for the concrete mixes. Calcined clay was prepared in the
laboratory by heat-treating the raw clay material at a temperature
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of 700 °C for 3 h at a rate of 10 °C per h. The calcined clay was left
to cool inside the kiln for 24 h and sieved to obtain a fineness of
75 um, as seen in Figure 1. The calcining temperature was selected
based on the works of Du & Pang [18]. The x-ray diffraction (XRD)
analysis of the calcined clay was conducted using a Siemens D5000
diffractometer. Figure 2 shows the XRD patterns of the calcined clay.
As expected, dominant among the phases identified was quartz.
Other relevant phases discovered are elite, smectite and meta
kaolinite. The elemental composition of the calcined clay and the
OPC was analyzed using the x-ray fluorescence (XRF) spectrometer
(Spectro X-lab 2000) and presented in Table 1. The calcined clay
could be considered as chemically suitable according to ASTM C618
[19]. Fine and coarse aggregates (of sizes 9 mm - 12 mm) were
obtained from local suppliers. Particle size distribution of the fine
and coarse aggregates are shown in Figure 3 (Figures 1-3) (Table
1).
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Figure 1: Calcined clay.

000

00

7000 Q- Quartz

ﬂl I - Iilite:
- W00 a & 5 - Smectite
- M - Metakaolin
= ul
2 000 |
| ‘|
1000 l a L
fi ]
H | |
1000 | i Jol o] .'I 5 i I‘. i | | |
el st ot et T PSS L (P PV 0 U S LWL L L .
12 0 3n 40 50 ] M ao
2 Theta [Degreesf
Figure 2: XRD patterns of calcined clay.
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Figure 3: Particle size distribution of fine and coarse aggregate.
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Table 1: Chemical composition of cement and calcined clay.
Composition, % OPC Calcined clay
Sio, 18.88 62.77
ALQ, 3.57 18.71
Fe,0, 336 11.68
MgO 1.89 1.89
Ca0 59.64 0.25
Na,0 4.7 0.03
K,0 2.12 2.12
MnO 0.14 0.46
Tio, 0.14 0.41
P,0, 0.22 0.03
Cl 0.01 -
S0, 4.93 0.19
LOI 0.4 1.46

Mix proportions

The reference concrete was designed to obtain a minimum 28
days compressive strength of 32 MPa using a mix ratio of 1:1.75:1.5
and a water-to-cement ratio of 0.4. To achieve workability, 1%
superplasticizer was added to the concrete mix. OPC was partially
replaced with calcined clay in percentages of 10%, 20% and 30%
by weight. Recommendations by EFNARC [20] were considered for
all concrete mixes. For fresh concrete properties, slump flow test
(BS EN 12350-8) [21], viscosity (T500 flow time), the L-box test

(BSEN 12350-10) [21] and J-ring test (BS EN 12350-12) [22] were
employed. To determine the hardened properties, 150x150x150
mm concrete cubes were prepared to determine compressive
strength of the blended SCC using ASTM C39 [23]. Beams of sizes
500x150x150 mm were prepared to determine flexural strength
with reference to ASTM C78 [24]. Cylinders of diameter 100 mm
and length 200 mm were moulded for the split tensile test per
ASTM (C496 [25]. The mix proportions of the SCC are shown in
Table 2. Figure 4 shows calcined clay blended cement SCC (Table
2) (Figure 4).
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Table 2: Mix proportion of SCC.

Sample Cement, kg/m?® Calcined clay, kg/m? Sand, kg/m? CA kg/m? Superplasticizer, %
OPC 600 0 1050 900 1
CC10 540 60 1050 900 1
20CC 480 120 1050 900 1
30CC 420 180 1050 900 1

OPC - ordinary Portland cement; CC10 — 10% calcined clay; CC20 — 20% calcined clay; CC30% - 30% calcined clay; CA — coarse aggregate

Ve

Figure 4: Calcined clay blended SCC.
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Results and Discussion
Fresh SCC properties

Slump flow test: The relationship between slump flow of
the SCC and calcined clay content is represented by a regression
line shown Figure 5. The diameters of the different mixes were all
found between 600 and 780 mm, which is an indication of good
workability as recommended by EFNARC [20]. it was observed
that, the slump diameter decreased with increasing calcined clay
content. the slump flow of the reference concrete was found to
be 780 mm. This was systematically reduced by 7.7%, 16.7%
and 23.1% respectively at 10%, 20% and 30% respectively. The
decrease in slump flow is attributed to the high surface area of the

calcined clay particles [12] which is also known to consume more
water in mortar and concrete mixes [14]. This outcome is similar to
results obtained by previous studies utilizing other supplementary
cementitious materials [26-28]. The time required to reach a 50-
cm flow diameter, usually referred to as T 50, during the slump
flow experiments can be used to estimate viscosity as well. This is
the time it takes for the concrete to flow to the testing plate. The
reference concrete recorded the least time (2.8 s) whereas the 30%
calcined clay concrete obtained the longest time of 4.5 s. These time
values were all found within the 2 - 5 s limits set by EFNARC [20].
Figure 6 presents the T50 of the SCC with varying percentages of
calcined clay (Figures 5,6).
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Figure 5: Slump flow of SCC with varying calcined clay content.
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Figure 6: T50 of SCC containing calcined clay.
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L-box test: The L-box test is mostly used to determine the
ability of self-compacting concrete to move through restricted
spaces without being blocked or suffering segregation. It is a ratio
of the height reached by the SCC at the horizontal section of the
L-shaped box to the concrete left in the vertical section. Figure 7 is a
regressionline showingarelationship between calcined clay content
in the SCC and their corresponding L-box values. It is seen that
the L-box values continuously decreased with increasing calcined

clay content. This means that, as calcined clay content increased,
However, all the values obtained were above the minimum 0.8
and below the maximum 1.0 recommended by EFNARC [20]. The
findings show that as the amount of calcined clay increased in the
mix, flow resistance likewise increased, decreasing the capacity of
concrete to travel through it [28]. This result is consistent with the
work reported by other researchers [1,27] (Figure 7).
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Figure 7: L-box ration of calcined clay blended cement SCC.
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J-ring test: This test is used in combination with the slump
flow test to estimate the passing ability self-compacting concrete
through restrictions such as reinforcement. Figure 8 shows
the J-ring slump flow together with the blocking index of SCC
incorporated with calcined clay. The reference and blended cement

SCC recorded J-ring diameters of 800 mm, 750 mm, 700 mm and
650 mm respectively. The J-ring diameters consistently decreased
with increase in calcined clay content. The blocking index followed
the same trend. This indicates a reduction in the passing ability of
the concrete with increasing calcined clay percentage (Figure 8).
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Figure 8: J-ring diameter and blocking index of calcined clay blended cement SCC.
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Hardened SCC properties
Compressive strength

The 7 and 28 days compressive strength results of the self-
compacting concrete is shown in Figure 9. The reference concrete
obtained a 7-day strength of 24.2 MPa which consistently decreased
as calcined clay content increased in the mix. SCC containing 10%,
20% and 30% calcined clay recorded loss of strength of 16.5%,
24.5% and 37.6% respectively. The reduction in strength could
be due to dilution effect and unreacted silica in the calcined clay

concrete mix at 7 days [17,29]. However, at 28 days, SCC containing
10% calcined clay outperformed the reference concrete but began
to decline when replacement was increased to 20% and 30%.
This increase in strength is as a result of the pozzolanic reaction
between the constituents of the calcined clay and the cement to
produce extra calcium silicate hydrates (C-S-H) which improves
strength [30]. Beyond 10% replacement, the calcined clay behaved
as a filler and could not contribute to strength development [31,32]
(Figures 9).
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Figure 9: Compressive strength of SCC containing calcined clay.
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The flexural strength, as shown in Figure10, followed a similar
decreasing order trend like the compressive strength at 7 days.
At 28 days, flexural strength increased by 7.7% when cement
content was replaced by 10% calcined clay (CC10). This increment
was maintained at 20% (CC20) but declined at 30% replacement
(CC30). The split tensile strength is presented in Figurel1l. Tensile
strength decreased in increasing calcined clay content at 7 days.

When the curing period was extended to 28 days, tensile strength
increased at 10% replacement. Beyond 10%, split tensile strength
decreased in increase in calcined clay content (Figures 10-12).

The relationship between tensile strength and compressive
strength of the SCC mixes at 7 and 28 days is shown in Figure 12.
The overall R2 value is 0.9907. As curing age increases, the R2 value
gets closer to 1.
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Figure 12: Relationship between compressive strength and tensile strength.
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Conclusion

This study examines the behaviour of SCC containing calcined
clay. The blended cement was prepared by replacing cement with
10%, 20%, and 30% calcined clay. The following conclusions are
made after studying the effect of calcined clay fresh and hardened
SCC properties:

1. Workability deceased with increasing calcined clay
content. All batches containing calcined clay, however, showed
enhanced viscosity, passing ability and overall workability. All
mixes were found within limits set by EFNARC.

2. At7days, the reference concrete consistently decreased in
compressive strength as calcined clay content increased in the
mix. SCC containing 10%, 20% and 30% calcined clay recorded
loss of strength of 16.5%, 24.5% and 37.6% respectively. At
28 days, SCC containing 10% calcined clay outperformed the
reference concrete but began to decline when replacement was
increased to 20% and 30%.

3. At 28 days, flexural strength increased by 7.7% when
cement content was replaced by 10% calcined clay (CC10). This
increment was maintained at 20% (CC20) but declined at 30%
replacement (CC30).

4.  Splittensile strength decreased in increasing calcined clay
content at 7 days. When the curing period was extended to 28
days, tensile strength increased at 10% replacement. Beyond
10%, split tensile strength decreased in increase in calcined
clay content.

5. Optimum calcined clay replacement was found to be 20%.
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