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Abstract: This study investigates the effect of the partial replacement of ordinary Portland cement
(OPC) with cement kiln dust (CKD) on the engineering properties of pozzolanic concrete for use
in block manufacturing. Ultimately, this could potentially reduce cement consumption and CO,
emissions. The study was carried out on cylindrical concrete samples prepared from five mix-
tures comprising 71.13% pozzolan and 14.16% water, with 0, 5, 10, 15, or 20% of the OPC fraction
(14.71 wt.%) replaced by CKD. The samples were tested for density and compressive strength (UCS)
at curing ages of 7, 14, 28, 56, and 91 days; and for voids and water absorption after 28 curing days.
Results show that increasing CKD content lowered the voids and increased the water absorption.
The 15% CKD sample had the highest UCS, regardless of the curing age. X-ray diffraction analysis
confirmed that the phase responsible for hydration, calcium silicate hydrate, was higher in the 15%
CKD sample than the control.

Keywords: calcium silicate hydrate; cement kiln dust (CKD); concrete masonry blocks; pozzolan;
unconfined compressive strength (UCS)

1. Introduction

Cement kiln dust (CKD) is an ultrafine byproduct associated with clinker production
in the cement industry. It is normally collected by cyclones, baghouses, or electrostatic
precipitators. CKD production rates range from 20 to 150 kg/tonne of clinker, depending
upon the process used and gas velocities in the kiln [1,2]. Worldwide production of CKD
is expected to reach approximately 220 million tonnes by 2030 [3]. Disposal of such huge
amounts of CKD represents a challenge because CKD is highly alkaline and fine [4,5]. This
amount can neither be completely recycled to the kiln, nor can it be mixed with cement due
to its undesirable effects [1-6]. Indeed, best management practices in the USA still result in
most (68%) CKD being discarded, with only 22% being recycled to the kiln, and 10% being
used in different applications [4] in compliance with ASTM D 5050-96 [7]. Hence, CKD is
considered an unavoidable solid waste. The generation of CKD is not only a significant
economic loss to the cement industry in terms of raw materials and management costs, but
it also poses a threat to air and groundwater quality, biodiversity, and human health [1,4,6].

CKD acts as an alkali accelerator for latent hydraulic substances, and as an alkaline
activator for different aluminosilicate materials in mortar and concrete. It also facilitates
calcium silicate hydrate (C-S-H) gel and stable sulfoaluminate hydrate, ettringite forma-
tion, which enhances strength [8,9]. Free lime in CKD increases the formation of C-5-H
gel during the pozzolanic reaction, and sulfate increases the formation of ettringite [9].
CKD can be used alone or in combination with other wastes (typically blast furnace
slag and fly ash) [8,9] as: a binder for construction and pavement subgrade aggregate
stabilization [10,11], and stabilization and solidification of inorganic hazardous wastes [12];
a flocculent for thickening and dewatering sewage sludge [13]; stabilization of clayey
soil [14]; heavy metal removal [15]; waste stabilization [16,17]; a source of calcium oxide
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for ceramic production [18]; and a component of glass, bricks, blocks, and other building
materials, and other applications [19-27]. Of note, when CKD was added to sand, granite,
and magnesite to produce colored glass and glass ceramic materials, the products had a
very high hardness (i.e., abrasion resistance) [21]. The modes of action and uses of CKD are
reviewed in [3,10,17].

There are considerable researches looking at the potentials of partial replacement
of OPC by CKD in the brick industry, in particular. Ghazaly et al. studied the addition
of CKD to a concrete mixture to use in masonry with different ratios from 10% to 50%,
and confirmed that it is possible to add CKD by 30% to obtain a proper compressive
strength [23]. Ahmari and Zhang studied the feasibility of enhancing the physical and
mechanical properties and the durability of copper mine tailings (MT)-based geopoymer
bricks with cement kiln dust (CKD). The results illustrated that there is a significant
enhancement of UCS and durability because of CKD [28]. El-Attar et al. investigated the
possibility of using (CKD) as a partial substitute of OPC in the production of solid cement
bricks with 0%, 30%, and 50% substitution percentages [29]. The results revealed that
about 50% of (CKD) can be used to making economical bricks with reasonable properties.
However, the majority of the research focused on concrete bricks other than pozzolanic
bricks (blocks); hence, the current research focuses on the possibility of using CKD with
pozzolanic bricks (blocks) due to its spread in the kingdom of Saudi Arabia. Pozzolanic
concrete blocks are used for construction because natural pozzolans are readily available
and abundant in Saudi Arabia. Millions of years ago, 90,000 km? of the western sector of
Saudi Arabia was subjected to volcanic activities that generated huge basaltic flows, called
“Harrat” in Arabic [23]. The Harrats in Saudi Arabia have hundreds of scoria cones, with
the majority considered pozzolanic materials according to different standards [30].

In accordance with the 2030 vision of the kingdom of Saudi Arabia, the manufacture
of pozzolanic concrete masonry blocks recently draws more attention [23,31]. Pozzolanic
concrete blocks are used for construction because natural pozzolans are readily available
and abundant in Saudi Arabia. The produced pozzolanic blocks are lightweight, durable,
and have excellent thermal insulation and compressive strength (UCS) properties. CKD
represents a challenge for Saudi Arabia, which is among the highest cement consumers per
capita in the world [18] and one of the top ten cement producers, with an annual production
rate of 55 million tonnes [26].

Therefore, the objective of this research is to investigate the effect of the partial re-
placement of ordinary Portland cement (OPC) with CKD on the engineering properties
of pozzolanic concrete, with the ultimate goal of decreasing OPC consumption and using
waste CKD in a beneficial manner.

2. Materials and Methods
2.1. Materials
2.1.1. Natural Pozzolan

The concrete mixture are comprised of gravel pozzolan [32], OPC and (or) CKD as
binders, and water. A 430 kg sample of Saudi natural pozzolans was obtained from a local
concrete block factory. The particle size distribution (Figure 1) was determined for three
representative samples from the as-received sample using an ELE 80-0200/06 laboratory
sieve shaker according to ASTM D6913-17 [33]. The screen apertures that allowed 10, 30,
and 60% of the sample to pass (d1g, d3p, and dgg, respectively) estimated by interpolation
were 0.24, 1.09, and 3.15 mm, respectively. Based on these values, the uniformity coefficient
(dgo/d10) and coefficient of curvature (dzg?/(d1g x dg)) are 13.32 and 1.57, respectively,
meaning the natural pozzolan sample is well graded according to ASTM D2487-06 [34].
The as-received sample had a lower gravel content than best practices would recommend
for the intended pozzolanic concrete recipes [35,36]. Therefore, the as-received natural
sample was sieved into coarse gravel (0.5-12.5 mm), medium-size sand (0.15-0.5 mm), and
fines (<0.15 mm) (Figure 2), which were weighed on a KERN TB35K1 electronic laboratory
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balance; and well homogenized to make the study pozzolan sample containing 84.3 wt.%
gravel, 11.9 wt.% sand, and 3.8 wt.% fines [35].
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Figure 1. Particle size distribution of the as-received natural pozzolan.
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Figure 2. Pozzolan sample: (a) as-received and (b) coarse, (c¢) medium, and (d) fine-size fractions.

Chemical analyses showed that the study pozzolan had a SiO; + Al,O3 + FeyOs
content of 78.47% and a loss on ignition (LOI) of 3.25 wt.% (Table 1). Thus, it is classified as
a class N pozzolan [30] (SiO; + Al,O3 + Fe;O3 > 70 wt.% and LOI < 10 wt.%).

Table 1. Chemical composition of the study pozzolan.

Constituent

Si02 A1203 Fe203 CaO MgO 503 K20 NaZO LOI

Wt.%

48.65 17.93 11.89 10.35 4.35 0.5 1.85 0.35 3.25

LOI: loss on ignition.
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2.1.2. Ordinary Portland Cement

The Type 52.5N OPC binder used in this study is manufactured by Al-Safwa Cement
Company in western Saudi Arabia, 100 km north of the city of Jeddah. It complies with
Saudi Standard SASO GSO 1914/2009 (E) (Table 2) [37], which is largely in accordance with
Type-1 OPC of ASTM C150-04 [38].

Table 2. Chemical composition of the study of ordinary Portland cement (OPC) compared to Saudi
Standard SASO GSO 1914/2009 (E).

Constituent OPC Content Standard Maximum Limit
(Wt.%) (Wt.%)

SiO, 20.03
Al,O3 4.61
F6203 3.74
CaO 62.35
MgO 4.28

SOs3 2.40 4.0
K,O 0.17
Na,O 0.20

Cl 0.015 0.1

Acid residue 0.29 5.0

Loss on ignition 2.54 5.0

Alkalinity equivalent 0.31 0.6

2.1.3. Cement Kiln Dust

The CKD used in this study was obtained from Yanbu Cement Company, a local
high-capacity cement producer located 350 km north of Jeddah. The chemical composition
of the as-received sample is shown in Table 3.

Table 3. Chemical composition of the study cement kiln dust (CKD).

Constituent Wt.% Absolute Error % (1 Sigma)

510, 5.62 0.14
ALOs 2.53 0.09
FeO 1.36 0.06
CaO 65.39 1.33
MgO 3.75 0.16
SO; 3.83 0.08
KO 7.56 0.21
Na,O 3.75 0.22

Cl 6.23 0.23

2.1.4. Water

Given that the water:cement ratio is a vital parameter in determining the concrete’s
engineering properties, the moisture content (1.30 wt.%) and water absorption (4.00 wt.%)
of the pozzolan in the saturated-surface-dry state were determined according to ASTM
C642-13 [39]. From these values, the amount of water to be added to the recipe to achieve
the desired water—cement ratio was calculated. The content of room-temperature (22-23 °C)
potable tap water used in the mixtures was held constant at 14.16 wt.% based on industrial
data collected from a local pozzolanic concrete block factory, and considering a fresh paste
with acceptable coherance and a minimum slump.

2.2. Sample Preparation

The mixtures were designed to investigate the effect of partially replacing OPC with
CKD on the engineering properties of pozzolanic concrete for use in manufacturing ma-
sonry blocks. Five mixtures were selected (Tables 4 and 5) based on the results of slump
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tests [40]. Similar mixtures exist in literature for other applications [35]. In mixtures 14,
the CKD replacement levels were 5-20%, as shown in Table 5.

Table 4. Relative contribution of ordinary Portland cement (OPC) cement kiln dust (CKD) to
test mixtures.

Mix orcC CKD
(%)
0 (control) 100 0
1 95 5
2 90 10
3 85 15
4 80 20

Table 5. Composition of mixtures used in this study (i.e., replacement levels from Table 4 x 14.71).

Mix Pozzolan * orcC CKD Water
(Wt.o/o)

0 (control) 71.13 14.71 0.00 14.16

1 71.13 13.97 0.74 14.16

2 71.13 13.24 1.47 14.16

3 71.13 12.50 2.21 14.16

4 71.13 11.77 2.94 14.16

*59.96 wt.% coarse, 8.46 wt.% medium, and 2.6 wt.% fines. OPC: ordinary Portland cement; CKD: cement
kiln dust.

Based on the composition of the selected mixtures, the water—cement ratio ranged
from 0.96 to 1.2, considering CKD has null cementitious properties (Table 6). On the
other hand, the water—(OPC + CKD) ratio is fixed at 0.96 if CKD is considered to act as a
fully cementitious component. This water—cement ratio (0.96) is higher than the typically
concrete recommended water—cement ratio to compensate for water adsorbed by pozzolan
(4% from the pozzolan mass in the mix). This means an effective water—cement ratio of
approximately 0.76 assuming CKD is counted as fully cementitious material.

Table 6. Parameters for each of the five test mixtures.

Mix Pozzolan + H,O CKD x 100/(CKD + OPC) CKD x 100/0OPC H,0/0PC H,0/(OPC + CKD)
0 85.29 0 0.0 0.96 0.96
1 85.29 5 53 1.01 0.96
2 85.29 10 11.1 1.07 0.96
3 85.29 15 17.6 1.13 0.96
4 85.29 20 25.0 1.20 0.96

OPC: ordinary Portland cement; CKD: cement kiln dust.

To prepare samples from each mixture, mixing and casting stages were implemented
in sequence. The amounts of each component sufficient to produce 16 samples from each
mixture were weighed and prepared separately. The prepared components were mixed in
sequential steps in a drum mixer with a 115 L mixing tank (Figure 3) to form a homogeneous
paste. First, the coarse, medium, and fine pozzolan sizes were mixed and homogenized for
15 s. Then, sufficient absorption water was added to completely wet the mixture, which
was mixed for 15 s. The OPC and CKD were then added and mixed for a further 15 s.
Finally, the remainder of the calculated water was added, and the whole mixture was mixed
continuously for 4 min. To maximize mixer efficiency, the occupied volume of the mixer
tank was kept at <75% of the total mixer tank volume.
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CONCRETE
MIKER 1

Figure 3. Drum mixer.

Once homogenization was complete, the paste slump and temperature were measured
(Figure 4a,b). Since the prepared concrete mixtures are ultimately intended as manufac-
tured concrete masonry blocks, the uniformity, homogeneity, and workability of the freshly
prepared concrete is a key issue. The slump test is a simple, credible standard test that
measures the behavior of a freshly compacted concrete cone under the action of gravita-
tional forces. It was conducted according to ASTM C143/ C143M 12 [41] using the Gilson
cone. Attention was paid to ensure that all the measured slump values were due to real
subsidence; neither shear, nor collapse of the concrete. Thus, it was essential that the
concrete paste casted into molds formed in the mold shape with no deformation [35].

Sixteen samples were prepared from each mixture by casting the paste in dry, clean,
oil-painted standard cylindrical stainless steel molds with an internal diameter of 100 mm
and a height of 200 mm (H/D = 2). Paste casting followed a systematic routine. The paste
mixture was distributed among all the molds to fill approximately 33% of the volume,
and then compacted 25 times with a steel rod (Figure 4c). This process was repeated
with molds approximately 66 and 100% filled. Finally, the upper surface of the sample
was made completely flat to avoid any errors in the UCS test results (Figure 4d) [30,35].
Casted samples were demolded after 24 h. The outer surfaces of demolded samples were
water-sprayed once per day for three consecutive days. Then, the samples were left at room
temperature for 7, 14, 28, 56, or 91 curing days.

2.3. Testing Methodology
2.3.1. Water Adsorption and Voids

Voids affect the engineering properties of freshly prepared or hardened concrete [42].
Therefore, the voids in the hardened pozzolanic concrete samples were experimentally
determined according to ASTM C642-13 [39]. One sample from each mixture cured for
28 days was selected for void estimation. Four values were determined: mass of oven-dried
sample in air (A); mass of surface-dry sample in air after immersion in water for 48 h (B);
mass of surface-dry sample in air after immersion and boiling in water for 5 h (C); and the
apparent mass of the sample (water-boiled sample) in water (D). Equation (1) was applied
to calculate the volumetric fraction of permeable voids.
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Volume of permeable pore space, voids:
% ={(C — A)/(C — D)} x 100 (1)

The water absorption of the sample after immersion in cold or boiling water was
calculated according to Equations (2) and (3), respectively.
Absorption after immersion:

% ={(B — A)/(A)} x 100 )
Absorption after immersion and boiling;:

% ={(C — A)/(A)} x 100 3)

THERMAMITI

Figure 4. Concrete paste samples: (a) slump test; (b) temperature measurement; (c) partial mold
filling and compaction; and (d) complete mold filling and surface flattening.

2.3.2. Compressive Strength

The compressive strength was experimentally measured on samples of mixtures 0—4
on each of the five curing ages using a WALTER + BAIAG compression machine (Figure 5).
Three samples for any given UCS test were selected that did not have visible defects
that could affect the test results. The test result was calculated as the average of the three
measured samples. The standard deviation of each tested set was calculated and considered
as a measure for accepting/rejecting the whole test.
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(b)

Figure 5. (a) Uniaxial compression machine with (b) a concrete sample in the testing position.

3. Results and Discussion
3.1. Slump Test

There is an inverse relationship between the proportion of cement in the mixture and
the value of the slump: Mix 0 (control) had the lowest slump, and Mix 4 had the highest

slump (Figure 6).

12 ¢

10 |
4l
2]
ol

Mix 0 Mix 1 Mix 2 Mix 3 Mix 4

Slump, mm
o o
) ) )

Mixes

Figure 6. Slump test results for five pozzolanic concrete mixtures in Table 4.

3.2. Voids and Water Absorption

Table 7 shows that when the samples are immersed in cold water, the absorption is
low (maximum value of 14.78% met with the control sample). This may be attributed to the
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capillary nature of the sample pores that hamper the water absorption [42,43]. Replacing
OPC with CKD resulted in a decrease in the cold water adsorption, with mixture 3 (15%
CKD) having the lowest absorption 12.26%. The absorption noticed when boiling the
samples in water is also the highest in the control sample (26.33%), with mixture 3 (15%
CKD) and mixture 4 (20% CKD) having the lowest absorption values, being 25.15% and
24.16%, respectively. The results also show that for all the tested mixtures, the absorption
values at hot boiling conditions are approximately twice of their counterpart absorption
values for cold soaking conditions. The authors do believe that the lower density of the
hot water is one of the main reasons behind this phenomenon as the low density of hot
water enhances its propagation in the capillary voids. At the same time, the absorption
results of both cold and boiling immersion conditions confirmed that the higher is the CKD,
the lower is the absorption. This is possibly due to the interference of the superfine CKD
particulates in some of the sample pores; thus, decreasing the voids left for water to be
absorbed in. This is confirmed when looking for the volumetric voids fraction measured
for the different mixtures. The control sample has the highest voids percentage (38.72%),
with mixture 3 (15% CKD) and mixture 4 (20% CKD) having the lowest voids percentage,
which are 37.49% and 36.67%, respectively; i.e., the high CKD in the mixture means low
voids in the sample.

Table 7. Results of water absorption (cold and boiled) and voids (in volumetric %) for the different
concrete mixtures (28-day cured samples).

Saturated Mass Saturated Mass Immersed Absorption .

. Oven-Dry . ors Absorption after S o
Mix Mass (A) * after Immersion after Boiling Apparent before Boiline. % Voids, %
'8 (B)* g O*g Mass (D) *,g  Boiling, % &

0 1356.2 1556.7 1713.3 791.1 14.78 26.33 38.72
1 1213.4 1372.9 1531.9 708.9 13.14 26.25 38.70
2 1318.4 1490.7 1661.4 765.1 13.07 26.02 38.27
3 1375.6 1544.2 1721.6 798.7 12.26 25.15 37.49
4 1395.3 1578.2 1732.4 813.2 13.11 24.16 36.67

* A-D are the same terms used in Equations (1)-(3).

To find the relationship between voids, CKD, and absorption (taken binary in various
combinations) in the concrete mixtures, the least-square curve fitting method was used.
Sample hot and cold water absorption can be expressed as a polynomial function of the
sample voids (Figure 7a,b). The hot absorption has a stronger relationship with voids
(R? = 0.9978) than the cold absorption (R? = 0.6259). The void percent is highly dependent
on the CKD% in the mixture (R? = 0.9953; Figure 7c); hence, absorption strongly depends
on the CKD% in the mixture (R? = 0.9957, Figure 7d). These trends are in agreement with
the published literature [43].

3.3. Compressive Strength and Density

The individual compressive strength results for all the tested samples from the different
investigated mixtures at different curing ages are shown in Table 8. Table 9 shows the
average results of compressive strength for the sets of three samples from the different
investigated mixtures at different curing ages together with the standard deviation (o) of
each set of samples. The reported standard deviations for the various tested sets from the
different mixtures were not exceeding +0.72 MPa, which indicates the preciseness and the
accuracy of the measurements. Moreover, all the tested sets showed statistically accepted
results at an error of +10. Table 9 also shows that the highest compressive strength value
obtained, with the 7-day cured samples from the different investigated mixtures being
4.42 MPa (met with Mix 3, 15% CKD). Both samples from the control mix (0% CKD) and Mix
1 (5% CKD), cured for the same age i.e., 7 days, returned the lowest compressive strength
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value 3.47 MPa. After 14 days curing age, the Mix 3 samples have the highest compressive
strength 6 MPa and samples from the control mixture have the lowest compressive strength
4.09 MPa. The same is repeated with the rest of curing ages, i.e., 28, 56, and even the
long-term curing (91 days); the compressive strength reaches the highest value at the Mix
3 samples, while the control mixture samples have the lowest compressive strength. This
may be attributed to the lower absorption of water in the control samples, which probably
generates a localized low water cement ratio [44] as the majority of cement is expected to
exist in the voids of the samples due to its high fineness [45,46].

16 26.5
y=1.1682x2 - 87.626x + 1655.4 y=-0.1739x2+14.162x- 261.4 gix 0
2 - RZ=0.9978 ;
g- 15 R“=0.6259 r\.jnxo £ 96 [ - Mix 1
) &
£ £
T 14 5
¥ Q55 |
5 @
5 13 S
£ § 25 |
812 Mix 3 s
2 S s |
< 11 <"
36.5 37 375 38 385 39 36.5 37 37.5 38 38.5 39
Voids, % Voids, %
(a) (b)
39 : %65 |
g Mo y=-0.2575x2 +0.0355x + 38.753 v=—0-324§>2c2+00§291567x+26-319
E 2 =0.
38.5 R:=09953 X 26 Mix 2
[:T1]
g Mix 2 =
[=]
< 38 255 |
w ]
3 )
> 375 § 25 |
3
2
37 S2s5 |
' Mix 4 Mix 4
36.5 24
0.00 1.00 2.00 3.00 4.00 0.00 1.00 2.00 3.00 4.00
% CKD in the mixture % CKD in the mixture

(c) (d)

Figure 7. (a) Cold absorption versus voids, (b) hot absorption versus voids, (c) voids versus CKD %
in the whole mixture, and (d) voids versus CKD % in the whole mixture.

Figure 8 is a pictorial form generated from the data presented in Table 9; considering
Figure 8 and the samples prepared from Mix 0 (control mixture), one can notice that at
the first 3 curing ages (7, 14, and 28 days), the compressive strength of the samples is
continuously increasing reaching a maximum of 5.26 MPa after 28 days curing. At higher
curing ages, i.e., 56 and 91 days, the compressive strength of the samples prepared from
the same mixture decrease compared to the maximum attained at 28 days. The same figure
shows that Mix 1 samples and Mix 2 samples have the same phenomena; i.e., an increase
in the samples’ compressive strength measured on samples cured up to 28 days, followed
by a decrease at the age of 56 days curing and then, another increase at the 91-day curing
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age; however, still below the maximum achieved at 28 days curing. On the other hand,
samples prepared from Mix 3 and those from Mix 4 returned a different behavior. From
one side, the compressive strength of Mix 3 samples is continuously increasing over all the
curing ages; i.e., the maximum compressive strength (7.2 MPa) is realized at the longest
curing age (91 days). From the other side, the compressive strength of Mix 4 samples is
progressively increasing up to 56 days curing time (reaching a maximum of 5.97 MPa after
56 days) and then, decreases at the age of 91 days. It can be concluded that Mix 3 is the
best among all the investigated mixtures due to the fact that its samples have the highest
compressive strength in the all curing ages, in addition to the continuous increase of the
compressive strength for the whole of the considered curing ages.

Table 8. Results of compressive strength measurement for the different considered pozzolanic-
concrete mixtures at different curing ages.

Compressive Strength, MPa

Mix Sample no. Curing Age, Days
7 14 28 56 91
1 3.26 4.46 5.60 4.99 6.00
0 2 4.00 4.06 475 4.58 4.60
3 3.14 3.76 5.44 4.63 5.00
1 420 6.00 5.20 5.80 7.30
1 2 3.20 5.00 6.80 5.80 6.20
3 3.00 5.80 6.20 5.60 6.00
1 3.80 5.20 6.00 6.20 5.70
2 2 4.30 5.10 5.70 6.40 4.50
3 4.10 5.70 6.90 5.90 5.70
1 4.15 5.84 6.40 7.40 7.70
3 2 4.67 6.40 7.10 7.10 7.50
3 444 5.77 6.70 6.80 6.40
1 4.00 4.90 6.10 5.20 4.80
4 2 4.00 4.90 5.90 5.90 5.90
3 3.30 4.50 5.30 6.80 5.90

Table 9. Average compressive strength for the different considered pozzolanic-concrete mixtures at
different curing ages.

Compressive Strength (Standard Deviation), MPa

Mix Curing Age, Days
7 14 28 56 91
0 3.47 (0.47) 4.09 (0.35) 5.26 (0.45) 4.73 (0.22) 5.20 (0.72)
1 3.47 (0.64) 5.60 (0.53) 6.07 (0.61) 5.73(0.12) 6.50 (0.70)
2 4.07 (0.25) 5.33 (0.32) 6.20 (0.62) 6.17 (0.25) 5.30 (0.69)
3 4.42 (0.26) 6.00 (0.35) 6.73 (0.35) 7.10 (0.30) 7.20 (0.70)
4 3.77 (0.40) 4.77 (0.23) 5.77 (0.42) 5.97 (0.50) 5.53 (0.64)

As a discrete (point-by-point) comparison, to understand the compressive strength
evolution over time within any of the studied mixtures, the percentage increase of UCS
of a given mixture at a certain curing age was compared to the starting original UCS met
at 7-day curing for the same mixture. This was calculated for any mixture as (UCS value
at a given curing age minus the UCS measured for the same mix after 7 days) multiplied
by 100, divided by the 7-day UCS for the same mixture. The calculated results are plotted
in Figure 9. It shows that Mix 0 samples have a maximum of 51.8% UCS increase (after
28 days) from the UCS of samples prepared from the same mixture and tested after 7 days.
Conversely, the UCS of Mix 2 samples increased by 61.5% after 14 days compared to its
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7-day UCS; this indicates the fastest stress evolution among all the studied mixtures. Mix
3 shows a continuous stress evolution with a maximum of 62.9% realized after 91 curing
days, while Mix 4 samples have a maximum UCS increase of 58.4% reached after 56 days.

UCS, MPa

8.0 I

7.0 F

6.0 I

5.0 |

4.0 |

3.0 F

20 F

10 F

0.0

[17days HEE 14 days I 28 days [] 56 days [ 1 91 days

%

{

Mix 0 Mix 1

Mix 2 Mix 3 Mix 4

Mixes

Figure 8. Compressive strength results of the various sample sets prepared from the different mixtures

cured at several curing ages.
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Figure 9. Compressive strength evolution over curing age within mixtures relative to the starting

value after 7-day curing.

To find the relationship between the UCS of the different mixtures samples (mix by
mix) versus the UCS of the control samples considering the different curing ages, the
least-square curve fitting method was again used. The results are presented in Figure 10.
Meanwhile, the mathematical functions together with the coefficient of determination, R?,
are listed in Table 10. It shows that the mathematical models for all the mixtures are second-
order polynomial equations with the general form shown in Equation (4). The compressive
strength of the samples prepared from the different mixtures cured for different ages are
related to those of the control samples. The best relation is met with samples prepared from
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Mix 3 (R? = 0.9762). The other mixtures, i.e., Mix 1, Mix 2, and Mix 4, have less relation,
with determination coefficients of 0.9314, 0.8321, and 0.9414, respectively.

Y = ax? + bx +c 4)

where a, b, and c are the model parameters; y is the compressive strength of samples from
a certain mixture at a given curing age in MPa; and x is the compressive strength of the
samples from the control mixture at the same curing age in MPa.

7.50

7.00 |

6.50 |

6.00 |

5.50 |

5.00 |

4.50 |

4.00 |
= Mix 1 A Mix 2 ¢ Mix 3 ® Mix 4
3.50 | n

UCS of various mixes samples, MPa

3.00
325 350 375 400 425 450 475 5.00 5.25 5.50

UCS of control sample, MPa

Figure 10. Relation between the compressive strength of the different mixes samples with the
compressive strength of the control samples.

Table 10. Mathematical models relating UCS of samples from different mixtures and UCS of control
samples at different curing ages.

Mix Model Coefficient of Determination (R?)
1 y= —1.0835x2 + 10.912x — 21.235 0.9314
2 y= —1.0568x2 + 10.194x — 18.594 0.8321
3 y= —1.1752x2 + 11.699x — 22.062 0.9762
4 y= —0.8378x2 + 8.435x — 15.483 0.9414

The densities of the entire sets of samples used in UCS tests were determined. For
this purpose, each sample was weighed just before being UCS-destructively tested and its
volume was calculated according to the average sample dimensions (measured at least three
times using a digital Verner). The obtained results for the different mixtures at different
curing ages for each test set are presented in Table 11. It shows that the average density of
any set is above 1.5 Mg/m3.

Table 11. Results of density measurement of samples from the different considered pozzolanic-
concrete mixtures at different curing ages.

Density, Mg/m3
Mix Sample No. Curing Age, Days
7 14 28 56 91
1 1.548 1.559 1.541 1.517 1.604
0 2 1.562 1.566 1.554 1.512 1.529

3 1.560 1.538 1.550 1.523 1.575
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Table 11. Cont.

Density, Mg/m3
Mix Sample No. Curing Age, Days
7 14 28 56 91
1 1.596 1.577 1.545 1.505 1.550
1 2 1.588 1.564 1.536 1.517 1.534
3 1515 1.555 1.556 1.508 1.536
1 1.587 1.573 1.558 1.584 1.539
2 2 1.636 1.569 1.555 1.546 1.546
3 1.557 1.571 1.578 1.537 1.522
1 1.628 1.586 1.588 1.579 1.557
3 2 1.639 1.582 1.576 1.592 1.579
3 1.652 1.573 1.554 1.566 1.533
1 1.622 1.561 1.560 1.559 1.549
4 2 1.592 1.580 1.580 1.546 1.558
3 1.604 1.563 1.556 1.546 1.553

To compare the variation of the samples densities over the different curing ages,
box-whisker plots for the different mixtures are used. The plot normally shows the mini-
mum and maximum densities as the start and the end of the lines outside the box, with the
box itself drawn from 25th to 75th percentiles. The median and the average are drawn as
horizontal lines inside the box. The plot whiskers are drawn from the box to minimum and
maximum statistically accepted values. The outliers, if they exist, are plotted as separate
points outside the whiskers. Figure 11 shows the whisker-box plots for the densities ob-
tained with samples from the different investigated mixtures. It shows that there are no
outliers for all the densities measured for the different studied mixtures (15 samples for
each mix). It also shows that starting from Mix 2, the average (red line) and the median
(black line) of the density is higher than those of the control mix samples. Mix 3 has the
highest average and median densities among all the investigated mixtures. For all the
studied mixtures, regardless of the curing age, the sample densities are above 1.5 Mg/m?.
This elucidates that the concrete can be used to manufacture concrete blocks as the majority
of the standards impose limitations on the block density cured for 28 days to be greater
than 1.5 [47-51].

3.4. XRD of 28-Day Cured Samples from Mix 0 and Mix 3

The hitherto discussed results showed the preference of Mixture 3 (15% CKD) com-
pared to all the investigated mixtures, including the control one. To interpret such findings,
28-day cured samples from the control (Mix 0) and Mix 3 (15%CKD) were X-ray diffracted
for their existing phases at the Center of Nanotechnology—King Abdulaziz University. An
X-ray diffractometer with a Cu k radiation source (Regaku, Ultima 1V, Tokyo, Japan) was
used for this purpose. The measurements were implemented at room temperature consider-
ing a scan range (20) between 10 and 80 degrees, with a step of 0.05 degrees in a continuous
mode operation. Crystallite size and lattice strain of the different phases observed in Mix 0
and Mix 3 were performed using the Williamson-Hall method. Figure 12 shows the mea-
surement profile of the Mix 0 and Mix 3 after 28 days curing age, with major peaks labeled.
It depicts that the main phases revealed by the XRD in Mix 0 (0% CKD) and Mix 3 (15%
CKD) are Ettringite (hydrous calcium aluminum sulfate, CagAly(SO4)3(OH)12-26H,0),
calcium silicate hydrate (C-S-H) 5Ca2 SiO4:6H20, and portlandite (Ca(OH)j,).
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Figure 11. Box-whisker plot of densities of the different mix samples over the various curing ages.
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Figure 12. Qualitative XRD patterns of the 28-day cured samples from Mix 0 and Mix 3.

It is known in the phases of the clinker that the cement tricalcium aluminate C3A has
the phenomenon of flash-set as soon as water is added [52]. To prevent this phenomenon,
gypsum CaSOj,. 2H,0 is added to the clinker, and it combines with C3A to form a substance
that surrounds C3A and delays the time of water reaching C3A; thus, delaying the setting
time of the cement. Therefore, the forming of Ettringite is normal in Mix 0 and Mix 3
because the added OPC contains gypsum [9,52].

As for the second phase, which is calcium silicate hydrate (or C-S-H), it is the main
product of hydration of Portland cement and it is produced from the reaction of the silicate
phases in cement with water, and is mainly responsible for the strength of cement-based
materials [53]. It is clear that this phase exists in Mixture 0 as well as in Mixture 3; however,
its appearance in the last mixture was greater (Figure 12) where the number of peaks
is more. This is probably the main reason behind the high compressive strength in the
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mixture 3 (15% CKD) compared to that of Mixture 0 (no CKD added). All the mixtures in all
the sample preparation stages, starting from mixing, passing through casting and ending
with curing, were conducted in exactly the same conditions. The only difference between
the two mixtures is the addition of CKD to Mixture 3, Therefore, CKD is responsible for
increasing the strength of the Mixture 3 because it enhanced the formation of the calcium
silicate phase hydrate (C-5-H).

Approximately 16-20% of the OPC is converted to portlandite, which has partial water
solubility and is chemically reactive especially when exposed to acidic environments; and
thus, contributes significantly to the generally poor durability of mortar and concrete [36].
Henceforth, the partial replacement of portlandite with a less chemically reactive cement
product yields improved durability, especially with regard to sulfate resistance and alkaline
silica reaction [9,54]. The appearance of the portlandite phase in the Mixture 0 and Mixture
3 was equal in the number of peaks; however, based on the fact that was just mentioned,
the partial replacement of cement with CKD will partially reduce the formation of the
portlandite phase; thus, contributing to increasing the compressive strength, and this was
supported by the results of compressive strength tests as was shown in advance.

3.5. Potential Application of the Studied Pozzolanic Concrete in Masonary Block Production

The testing for concrete blocks, either according to standards or literature, are con-
cerned with testing the blocks themselves, but not cylindrical samples [47-51]. These
standards usually concentrate on the shape and dimensions of the concrete brick, its water
absorption, in addition to the block compressive strength [47,50]. The limitations or thresh-
old value for each test depends mainly on the intended use of the blocks. The maximum
water absorption is limited in most standards to be less than 16% [48,49]. This is compa-
rable with the percentage absorption before boiling previously presented in Section 3.2.,
which is related to voids and water absorption. It shows that all the studied mixtures
achieved limitations regarding water absorption as the measured values were 14.78%,
13.14%, 13.07%, 12.26%, and 13.11% for Mix 0, Mix 1, Mix 2, Mix 3, and Mix 4, respectively.
The class and grades differ from one standard to the other according to limitations imposed
by the standard on both the bricks average strength and density. As an example, the
UCS and density limitations in the most recent Indian standard, IS 2185 (PART 1), are
tabulated in Table 12 [49]. According to the available variations of both UCS and density,
the investigated pozzolanic concrete can be used for producing a variety of class A, B, or C
blocks; especially, Mix 3 that can even reach Group II code (A8.5) blocks, which require
an average UCS of 7.00 MPa. It is worth mentioning that due to using special molding
machines for blocks manufacturing, the compaction stress is much higher compared to the
25-tamping methodology used in this laboratory study; this will improve both the UCS
and density for mixtures similar to those investigated in this paper.

Table 12. Specification of masonry concrete blocks as per Indian standard [49].

Group I Group II
Class **

Code UCS *, MPa Density, Mg/m® Code UCS *, MPa Density, Mg/m®
A(3.5) 2.80 >1.50 A(7.0) 5.60 >1.50

A A(4.5) 3.60 >1.50 A(8.5) 7.00 >1.50
A(5.5) 4.40 >1.50 A(10) 8.00 >1.50

B B(3.5) 2.80 1.10-1.50 Group III
B(5.0) 4.00 1.10-1.50 A(12.5) 10.00 >1.50

c C(5.0) 4.00 >1.80 A(15.0) 12.00 >1.50
C(4.0) 3.20 >1.80

* The average compressive strength per block measured using a specified number of blocks cured for 28 days from
production. ** Classes A and B are hollow (open and closed cavity) concrete blocks, and class C is for solid-type
concrete blocks.
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4. Conclusions

Based on the results and analyses presented in this paper, it can be generally concluded
that adding CKD as a partial substitute for OPC in the concrete mixtures improves their
compressive strength; thus, it saves cement consumption and consequently, costs in addi-
tion to decreasing the CKD hazardous environmental impacts. Moreover, the following
specific conclusions can be drawn:

(1) The higher the percentage of CKD in the mixture, the lower the sample voids; however,
the higher is its absorption of water (cold or boiled);

(2) The control samples (0% CKD) usually have the lowest compressive strength com-
pared to samples prepared from mixtures with CKD replaced by OPC, regardless of
the curing age;

(3) At any curing age, the highest compressive strength was permanently met with
samples from Mix 3 (15% CKD). It reached 7.2 MPa after 91 days curing, compared to
5.2 MPa (after 28-day curing) in the control samples (a 38.5% increase);

(4) The addition of CKD causes a slight increase in the density because it plays the role of
filler for voids;

(5) The addition of CKD leads to a slight increase in the value of the slump as well as a
result of weak cohesion due to the shortage of cement ratio. This can be explained by
the fact that CKD tends to be a filler material and not a cementitious material;

(6) Adding CKD to the concrete mixture reduces the chance of portlandite phase forma-
tion, which hampers the durability of concrete;

(7) Adding CKD to the concrete mixture increases and enhances the formation of the
calcium silicate hydrate phase, which is responsible for hydration and thus, for the
compressive strength of concrete.
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