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A B S T R A C T

Research on sustainable alternatives to Ordinary Portland Cement aims to reduce global CO2 emissions from
cement production. Utilizing byproducts or waste materials to create sustainable binders is a promising
approach. Cement bypass dust is being investigated as a potential activator of pozzolanic materials, however
there is large variability in the composition of this dust and research is necessary to understand the differences
for the potential application of the waste material. The objective of this work was to compare two bypass dusts
where ternary and binary mortars of bypass dust (50 %, 30 %, 10 %, 0 % and by weight), cement (100 %, 80 %,
40 % and by weight), and blast furnace slag (50 %, 30 %, 10 % and 0 % by weight), were produced. Mortars were
all ambient cured and a water to binder ratio of 0.6 was maintained for all mixes. The results showed that one
bypass dust had a much higher free lime and chloride content, whereas the other had more calcite and sulphates.
Compressive strengths of the 1:1 slag and sulphate rich bypass dust were of 18.6 MPa at 90 days, and lime rich
bypass dust achieved 15.1 MPa. X-ray diffraction and thermogravimetric analysis revealed that sulphate rich
bypass dust formed more ettringite, enhancing strength, while lime rich bypass dust formed more portlandite due
to its lime content. Chemical shrinkage results showed volumetric expansion at early ages for both bypass dusts
with lime rich bypass dust swelling up to 0.057 ml/g and sulphate rich bypass dust up to 0.015 ml/. Despite this,
both bypass dust binders exhibited higher shrinkage strains over a 150-day period compared to cement, where
sulphate rich and lime rich bypass dust had strain percentages of 0.225 % and 0.228 %, respectively. This work
found the main differences between the composition of two bypass dusts, and it was found that these materials
can be reused to fabricate cementless binders.

1. Introduction

The production of cement is a very energy intensive process that
requires the use of high temperatures (1400ºC) to produce clinker [1].
Due to this, cement manufacture contributes to 8 % of global carbon
dioxide emissions [2]. Hence, the construction industry is facing de-
mand to provide more sustainable solutions to Portland cement (OPC)
manufacture.

Many techniques are currently being utilised to reduce the envi-
ronmental burden of the concrete industry. These include the use of
recycled aggregate [3], carbon curing of concrete [4], and the use of
supplementary cementitious materials as cement replacements such as
granulated blast furnace slag (GBFS) [5]. GBFS is a foundational element
in the formation of alkali-activated materials (AAMs), which offer a

cementless alternative for construction applications. Research on GBFS
based AAMs has been well established and currently work is being un-
dertaken to further improve the technology through techniques such as
the inclusion of titanium dioxide nanoparticles[6]. GBFS has also been
shown to combine with waste materials such as glass powders to make
AAMs [7]. Ladle furnace slag has also been reused at cement levels of
20 % showing improvements in compressive strengths [8,9].

Additionally, several successful examples of cementless AAMs uti-
lising waste materials have been developed in previous research. Cak-
mak et al. [10] developed a binder composed of obsidian and waste glass
activated by 12 M sodium hydroxide as activator. Their findings showed
compressive strengths of up to 52.6 MPa. Use of demolition waste as a
precursor in AAMs have also been shown to be very effective [11].

Despite all the advances in AAM technology and innovation,
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challenges such as high global warming potential from chemical acti-
vators (sodium silicate), and overhaul in infrastructure, limit their
widespread use into sectors like the precast industry [12]. Exploring
sustainable activators from waste streams could address these chal-
lenges, offering a more environmentally friendly and cost-effective
approach.

Cement bypass dust (CBPD) is a waste material that has been shown
to have activating potential of GBFS [13]. Due to an increase in the use
of alternative fuels in the cement kiln has led to the need of imple-
menting a bypass system in most modern kilns [14]. CBPD is formed
during the manufacturing process of cement clinker. Due to its high
alkali, sulphate, free lime and chloride content, this material is largely
landfilled and unexploited. Cement Kiln Dust (CKD) and CBPD are often
mistaken for being the same material, however they are not and have
differences to each other. CKD is typically captured early in the kiln
system, where it is captured by exhaust gases and is collected by elec-
trostatic precipitators or baghouses [15]. Due to its typically stable
condition, CKD is often recycled and returned to the kiln. On the other
hand, CBPD is collected from the bypass system at the bottom of the kiln,
where the bypass is often used to extract gasses high in chlorides and
sulphates. Since CBPD is produced at much higher temperatures
(1000ºC), it is more calcined than CKD and contains higher levels of free
lime. CBPD is much more reactive than CKD and has a higher quantity of
chlorides and sulphates. Hence, for this reason CBPD is landfilled. It is
important to reuse CBPD as its reuse will promote a circular economy
and this is a large incentive for cement companies globally. Further-
more, CBPD has been shown to have the potential of contaminating
ground water addressing this would require complicated remediation
techniques [16,17]. Hence better reuse of the material is encouraged.

CBPD accounts for circa 2–5 % of the clinker production by weight
[18]. This indicates that at least 80 million metric tonnes of bypass dust
were produced in 2022 based clinker production statistics [19].

The chemical composition of CBPD largely changes based on the
cement plant, which has been attributed in the past to the kiln type, fuel
type and raw materials utilised [15]. Research comparing two types of
CBPD is scarce and a large gap in knowledge exists on this subject,
however there has been some work comparing two types of CKD.
Chaunsali and Peethamparan [20] investigated two types of CKD on
heat-cured mixes and found that the CKD with the higher free lime
attained a higher strength in pozzolanic mixes. Sadique and Coakley
[21] also reached the same conclusion, finding that higher sulphate and
lime contents lead to stronger concretes, however admitted that due to
the range in composition, further investigation was required on this
material. Wojtacha-Rychter et al. [22] replaced cement by up to 30 %
with CBPD and found strengths up to 51 MPa after 90 days in their
concrete blocks. Gdoutos and Shah [23] compared four types of CKD.
They found that the CKD with highest sulphate content formed the most
ettringite and had the earliest setting time, and that its formation was
also a contributor to strength. CKD has also been used in other building
materials such as roof tiles [24]. Moreover, CKD has been shown to have
excellent carbon sequestration potential improving the sustainability of
the material [25].

Thus, the current state of the research is not enough to fully under-
stand the differences and potential of CBPDs. Proper classification of
CBPD is still required if this material is to be standardised and utilised
properly in construction. Besides the sustainability potential, one of the
primary benefits of using CBPD in mortars and concretes is that it does
not change the manufacturing proces, where other liquid activators
would.

Hence, the main of this objective of this was to compare two different
types of CBPD procured from Eastern andWestern Europe by using them
as cement replacements in mortars. To the best of the authors knowl-
edge, there is a lack of research on the differences between CBPD
compositions and their interactions with GBFS and GBFS-OPC mortars.
Additionally there is a gap in knowledge regarding the effect different
compositions of CBPD have on cement-like binders. A good

understanding on the properties of different CBPDs and what can be
expected from this material is lacking. Furthermore, classification of
different CBPDs and their potential uses is unavailable currently. To
understand the material better, the effects of CBPD composition on fresh
and mechanical properties, as well as heat of hydration were investi-
gated. In addition to this, the microstructure of CBPD-GBFS and CBPD-
GBFS-OPC binders were investigated through x-ray diffraction (XRD),
thermogravimetric analysis (TGA), and Fourier Transform Inrared
Spectroscopy (FTIR). Finally, both the chemical and total shrinkage of
these binders were observed in this experiment.

2. Experimental work

2.1. Materials

Two types of CBPD were examined, one from a cement plant in
Rugby, UK, and another from a plant in Latvia, labelled as CBPD R and
CBPD L, respectively. The GBFS used in this experiment was acquired
from Scunthorpe, UK. The OPC used was of the CEM II type, grade 32.5 R
and was procured from Hope Cement Works, Sheffield.

The mineralogical characterisation of the raw materials was deter-
mined using XRD as shown in Fig. 1. The main crystalline phases present
in the CBPDs were free lime (CaO), gypsum (CaSO4.2 H2O), sylvite
(KCl), quartz (SiO2), and calcite (CaCO3).

To quantify the chemical composition of the significant phases,
gypsum, calcite, sylvite and lime peak areas were calculated using peak
deconvolution. The results are shown in Table 1. While both types of
CBPD have similar mineralogical compositions, it is evident that CBPD L
has much higher amounts of lime relative to CBPD R. On the other hand,
CBPD R has a higher calcite content and sulphate (gypsum peaks) con-
tent. The alkali content in CBPD L is also higher with a pH of 13 relative
to pH of 12.6 for CBPD R. OPC, as expected, is mainly composed of alite,
belite, and calcite. GBFS, on the other hand, presented a very broad
diffuse band indicating that it contained a very large amount of amor-
phous material.

The particle sizes, measured in a laser diffractometer, are shown in
Fig. 2. CBPD L was the finer of the two dusts having a median particle
size of 21 microns, whereas CBPD R had a median size of 46.5 microns.
The smaller particle size of CBPD Lwill likely enable it to hydrate further
due to a larger surface area. A noticeable difference between the two
CBPDs was that CBPD R grains clearly agglomerated more than CBPD L,
as balls of dust could easily be seen.

Fig. 1. XRD images of OPC, GBFS, CBPD R & CBPD L (l = lime, g = gypsum, s =
sylvite, b = belite, a = alite, c = calcite, q = quartz and p = portlandite).
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2.2. Specimen preparation

The mixes were designed based on the results of pilot studies. During
these studies, alternative curing activation techniques such as chemical
activation and heat curing were attempted, and it was found that despite
a lower early age strength, ambient curing led to the strongest mixes
long term. Locally available building sand was used as a fine aggregate
for the mortars. The specific gravity and water absorption capacity were
measured to be 2.6 and 2.5 %, respectively; these conform to the limits
specified in BS EN 1097–6:2000. The binder to sand ratio was kept at
1:3. When relevant for comparison purposes, 100 % CBPD and OPC
pastes at 0.4 w/b ratio were also used. Higher w/b ratios were necessary
for the mortars to compensate for the sand absorption.

Seven mixes, with compositions given in Table 2, were prepared. A
ratio of 50:50 of CBPD and GBFS provided the strongest paste mixes in
trial tests, hence this ratio was maintained throughout the testing.
Cement was then added at 40 %, 80 % to the GBFS-CBPD binder, to test
the potential of cementitious binders with reduced cement content. A

control mix containing 100 % CEM II OPC was also tested for compar-
ative purposes.

The binders were all mixed in a 9-litre pan-mixer. Powders were
initially mixed to ensure a homogenous dry mix. Following this, the
water was added, and the material was mixed for 120 seconds. After
multiple trials, a water to cement ratio of 0.6 was used and this was kept
constant for all mortar mixes. If dry material remained, the mortar was
mixed further. Once properly mixed, the mortar was cast into steel
moulds in two layers, and the surface was finished using a flat trowel.
The specimens were then covered with a polyethylene sheet for 48 hours
and kept in a curing room at 20 ± 2 ◦C before being demoulded. Once
demoulded, the mortar specimens were kept in a water curing tank also
at 20 ± 2 ◦C until the day of testing.

2.3. Test methods

2.3.1. Fresh properties and heat of hydration
The workability of the binders was assessed using a flow table test

based on ASTM C1437. Freshly mixed mortar was cast in two layers into
a conical mould. The mould was then released, and the mortar was
tamped 15 times allowing it to spread out. The diameter of the mix was
then measured to quantify the workability of the mix design. To measure
the standard consistency, paste is cast into a mould, and different water
to cement ratios are tested. The water to cement ratio which allows a
Vicat plunger to penetrate a depth of 33–35 mm in the cement is the
standard consistency.

Heat of hydration measurements were carried out to investigate the
heat evolution of CBPD binders. Paste samples were mixed and cast into
plastic bags. The total mass of the binder was 200 g per mix design. The
bags were then pierced with a thermocouple so that it was in contact
with the paste. This was then placed in a semi-adiabatic container and
the temperature evolution over 60 hours was recorded.

2.3.2. Mechanical properties
For compressive strength 50 mm3 cubes were utilised, whilst for

flexural strength 40x 40x160 mm prisms were used. This was following
the ASTM C109 standard. To further verify the compressive strength
result, the broken prism pieces from the flexural testing were also tested
in compression using two 40×40 mm metal plates to spread the load.

Ultrasonic Pulse Velocity (UPV) was measured using two transducers
being placed at opposite ends of a prism. The UPV, denoted as V (m/s),
was calculated by measuring the time (t) taken for ultrasonic pulses to
go through the distance (d) of the two transducers. This is shown in the
equation:

V = d/t

2.3.3. Microstructural analysis
For microstructural analysis, paste samples with a w/b ratio of 0.4

were used. The XRD of the CBPD paste samples was carried out in a
Bruker D-2 diffractometer, using X-rays of 1.54 Å generated by a Cu Kα
target and an Ni filter. The samples were analysed from 5◦ to 60◦ at a
rate of 0.02◦ steps per second. The software used for peak identification
was Diffrac.EVA by Bruker which has an ICDD library. Origin 2022 was
used for peak deconvolution of the main XRD peaks.

Thermogravimetric Analysis (TGA) was carried out using a Perkin
Elmer Pyris 1 TGA. Samples were heated from 35ºC to 1000ºC degrees at
a rate of 10ºC per minute. In this study, 10 mg of the ground powder
samples were used to investigate the thermal behaviour of CBPD paste.

Fourier Transform Infrared Spectroscopy (FTIR) was carried out
using a Perkin Elmer Spectrometer. Potassium Bromide (KBr) pellets
were formed by mixing and compressing together cementitious powder
and KBr powder. The samples were measured from wavelengths
400 cm− 1 to 4000 cm− 1.

Table 1
Peak areas of main peaks for CBPD R and CBPD L determined using peak
deconvolution.

Peak Location (2θ) CBPD R CBPD L

Gypsum (25 – 25.9º) 119.8 1.6
Sylvite (27.8 – 29º) 188.0 349.8
Calcite (28.9 – 29.7º) 100.1 4.3
Gypsum (30.9 – 31.7º) 86.4 24.9
Lime (31.8 – 32.4º) 114.5 195.4
Lime (37.1–37.7º) 282.3 441.9
Sylvite (40.1–40.9º) 107.6 153.0

Fig. 2. Particle size of GBFS, OPC, CBPD R & CBPD L.

Table 2
Mix Design. Sample ID: S refers to Slag, B refers to Bypass Dust. The number
refers to the quantity of each (50 = 50 % Slag and 50 % Bypass Dust). R and L
refer to CBPD from Rugby and Latvia, respectively.

Mix ID CBPD (%) GBFS (%) Cement (%) w/b ratio

SB50 R 50 50 - 0.6
SB50 L 50 50 - 0.6
SB30 R 30 30 40 0.6
SB30 L 30 30 40 0.6
SB10 R 10 10 80 0.6
SB10 L 10 10 80 0.6
OPC - - 100 0.6

A.M.K. Abiad et al.
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2.3.4. Shrinkage properties
The chemical shrinkage was determined following Procedure A of

ASTM C1608–07. The CBPD pastes were cast into vials and compacted in
5–10 mm layers. The vials were weighed empty and filled with paste to
determine the mass of the paste. Following this, they were filled with
deaerated water, and sealed with rubber corks that were fitted with
capillaries. Readings of the water level were taken every 30 minutes for
the first 8 hours after casting, and then every 12 hours for 72 hours. The
first measurement was taken 5 minutes after mixing.

Total shrinkage was carried out following ASTM C596–23. Three
mortar bars were prepared for each mix design. After demoulding, the
samples were water cured for 48 hours. The prisms were then removed
and once they were in a saturated surface dry condition, the first length
measurement was taken. The shrinkage measurements were carried out
using a length comparator to quantify the linear dimension change along
the longitudinal axis of the mortar bar. Shrinkage strain measurements
were taken for up to 150 days.

3. Results and discussion

3.1. Flow diameter, standard consistency and setting time

Using the flow table test results, the relative change in flow
compared to OPC is shown in Fig. 3. Large amounts of CBPD (SB50 and
SB30 mixes) clearly reduce the workability and led to a stiffer mortar at
higher cement replacements. Nonetheless, some flow benefits are
observed in SB10 mixes. The control mix had an overall flow diameter of
161 mm, whereas SB10R and SB10L achieved 163.1 mm and 163.5 mm
respectively. The same trend is seen in the standard consistency results,
shown in Table 3, where more water was required as CBPD content
increased.

The reduction in flowability and consistency for large amounts of
CBPD is attributed to higher water demand primarily due to the ten-
dency of CBPD particles to agglomerate together [13] and the higher
alkalinity of CBPD that leads to higher reactivity.

When comparing the two CBPD mixes, CBPD L is significantly more
workable than CBPD R. This is reflected in the cementless mixes, with
SB50L having a flow diameter of 147.8 mm and SB50R only achieving
134.0 mm. This is likely due to the increased agglomeration in CBPD R
relative to CBPD L which increases the water demand. To reduce the
effect of agglomeration on rheological particles, repulsive forces,
induced by adding extra water, are necessary to separate the particles
from each other [26].

This is also reflected in the standard consistency results, where
SB50R and SB50L had consistencies of 38 % and 35 % respectively. In
fact, SB30R and SB50L almost had identical results for flow and standard
consistency, despite the tendency for flow to improve with cement in-
crease. This indicates that CBPD R has a high-water demand.

Setting times are also shown in Table 3. Overall CBPD R mixes set
faster than CBPD L mixes. The slower time of set of CBPD L mixes is
likely due to the different chemical reactivity between the dusts.

3.2. Heat of hydration

Heat of hydration curves for CBPD R and CBPD L pastes up to
60 hours are presented in Fig. 4. The mass of the dry material was
maintained at 200 g for all the pastes. The time required to reach the
maximum temperature is denoted as Tmax. CBPD L reaches Tmax faster
than CBPD R, at 21 minutes compared to 48 minutes. It must be noted
that both values are very fast, indicating a high reactivity. Tmax of 105ºC
is significantly higher for CBPD L than CBPD R at 74ºC. The speed of
reaction and temperature difference is likely largely due to the higher
free lime content and fineness of CBPD L that increases the surface area
for reactions. An induction period is not observed for the CBPD pastes
and both seem to reach stabilisation at around 15 hours.

Czapik et al. [14] showed similar results for their CBPD analysis. A
rapid heat release was experienced, followed by a rapid decrease, with
no induction period. A lack of an induction period may cause difficulties
during in situ casting of CBPD mortar/concrete.

Fig. 4 also includes the results for OPC, which has a small initial
temperature increase, a stable induction period of about 5 hours, and a

Fig. 3. Relative change in flow of mix designs containing CBPD compared
to OPC.

Table 3
Standard consistencies, setting times and flowability of all the investigated mix
designs.

Mix
Design

Standard
Consistency (%)

Initial
Setting
(min)

Final
Setting
(min)

Flow
Diameter
(cm)

SB50R 38 % ± 2 % 38 ± 3 min 140 ± 9 min 134 ± 1 cm
SB50L 35 % ± 1 % 94 ± 7 min 245 ±

12 min
148 ± 2 cm

SB30R 34 % ± 1 % 46 ± 3 min 150 ± 8 min 150 ± 1 cm
SB30L 32 % ± 1 % 76 ± 8 min 250 ±

14 min
157 ± 1 cm

SB10R 28 % ± 2 % 51 ± 1 min 155 ± 4 min 163 ± 2 cm
SB10L 27 % ± 2 % 63 ± 2 min 175 ±

10 min
164 ± 3 cm

OPC 28 % ± 1 % 54 ± 2 min 160 ± 6 min 161 ± 1 cm

Fig. 4. Heat of hydration for CBPD R, CBPD L & OPC pastes.

A.M.K. Abiad et al.
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gradual temperature increase where it has a Tmax of 48ºC at around
15 hours, significantly slower than the CBPD pastes.

The heat of hydration results for the investigated mortar mixes are
shown in Figs. 5–7. As expected, the Tmax decreases with an inclusion of
GBFS [27]. SB50L (Fig. 5), SB30L (Fig. 6), and SB10L (Fig. 7) achieved
Tmax of 73ºC, 62ºC and 56ºC, respectively. These values are all higher
than their CBPD R counterparts and the control paste. The induction
period (phase II) which occurs during cement hydration is observed only
when cement is included in the binder and is labelled in the figures when
present.

It is evident from the differences in the curves, that free lime hy-
dration is the main factor governing the exothermic reaction for CBPD,
whereas OPC is mainly due to C3S. The heat of hydration of C3S is circa
− 12.2 kJ/mol and for lime it is circa − 64.4 kJ/mol [28].This explains
why as CBPD content increases Tmax is higher, since the heat emitted
from the exothermic reaction of lime is much larger than that of C3S.
This agrees with past research on CBPD heat of hydration by Czapik
et al. [14].

While CBPD L has a slaking reaction due to its lime content, it is
important to highlight the difference between free lime and CBPD heat
of hydration. Cai et al. [29] showed that free lime reaction with GBFS
leads to a strong exothermic reaction in the first few minutes of hydra-
tion with a second peak after 18 h. Additionally, they observed rises in
heat release as more lime was included in the system, which correlates
with these results. Free lime is the critical factor in determining the
height of the exothermic peak. In the current results, the second peak
can be attributed to the delayed pozzolanic reaction and the slower re-
action of free lime and GBFS [30]. In some examples, such as SB50R and
SB50L, a second peak occurred in this system, however at around the
20–40-hour mark. It can be deduced that a CaO-GBFS system will
dissolve GBFS faster than a CBPD-GBFS binder.

3.3. Density and ultrasonic pulse velocity

The bulk densities of the mixes after 90 days of curing are shown in
Table 4. The bulk density of the mortar decreases with increasing CBPD
content which may lead to a less refined and more porous the micro-
structure. Additionally, CBPD L leads to less dense mortars than CBPD R,
which is likely due to its expansive behaviour at early ages. Expansion
was clearly visible in the SB50L binders which showed surface cracks on
the prisms. Excessive swelling not only affects density, but it also can
increase porosity and reduce the strength of the mortar.

UPV readings (see Table 4) were taken at 90 days to verify the

density results. In general, the UPV results present a similar trend to
densities. SB10R shows the highest velocity, but overall, the velocity
decreases as CBPD increases. CBPD L mixes show the lowest velocities
for the same reasons described above.

The relationship between density at 90 days and UPV is shown in
Fig. 8 below. The results show a 0.99 R2 value showing that there is a
very strong correlation between the two properties. This correlative
relationship between density and UPV is well documented in research
[31].Fig. 5. Heat of hydration for SB50R and SB50L.

Fig. 6. Heat of hydration for SB30R and SB30L.

Fig. 7. Heat of hydration for SB10R and SB10L.

Table 4
UPV and Density results of all the investigated binders.

Mix Density (kg/m3) UPV (m/s)

SB50R 2110 ± 20 3969
SB50L 2090 ± 15 3831
SB30R 2150 ± 10 4127
SB30L 2140 ± 10 4054
SB10R 2200 ± 20 4323
SB10L 2200 ± 10 4237
OPC 2210 ± 25 4304

A.M.K. Abiad et al.
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3.4. Compressive and flexural strength

The average compressive strength of the mortars is shown in Fig. 9.
Though CBPD L binders exhibit higher early strength (at 3 days), CBPD R
produces stronger mixes over time. This is in line with the temperature
vs time results, where CBPD L is shown to be more reactive than CBPD R
breaking down the glassy phases of GBFS faster due to its higher
exothermic reaction and alkalinity and lime content [32]. Past re-
searchers utilised this property of CKDs to enhance the early age
strength of cementitious products [21]

There are several reasons to explain the improved mechanical
properties of SB50R over SB50L with time. Firstly, though it has a finer
particle size, higher free lime, and alkali content, CBPD L increases early
age strength, however, it appears that there is a limit to this benefit as
this causes rapid expansion which can cause an uneven reaction product
formation. This leads to a deterioration in the quality of the micro-
structure [33]. Expansion was clearly observed on CBPD L binders,
hence there was also a reduction in density due to microcrack formation
on the surface of the prisms. This consequently can lead to a weaker
binder. Another factor contributing to the strength of CBPD binders is
ettringite formation [23]. Ettringite is a mineral primarily composed of

sulphates and aluminates, which CBPD R is abundant in. Ettringite has a
long needle shape which has an overlapping effect when formed in
excess leading to improvements in the matrix strength due to pore-filling
[34]. Due to the high sulphate content in CBPD, the ettringite formed
tends to be quite stable. Chaunsali and Peethamparan [20] attributed
much of the early age strength of their cement kiln dust-fly ash binders
to the ettringite formation in their binders. Another factor to consider is
the higher quantity of calcite in CBPD R is a factor contributing to the
improved strength of the material. Calcite is not only denser, but it also
has a larger molar volume than portlandite [35].

The highest 90-day compressive strengths were attained by SB10R
and SB10L, reaching 26.1 MPa and 25.1 MPa, respectively, representing
11 % and 3 % improvements over the control mix. Good compressive
strengths are achieved for SB30R and SB30L at 22.3 MPa and 21.6 MPa,
respectively; these strengths were only 9 % and 13 % lower than the
control mix respectively. The strength results agree with similar previ-
ous research, where Marvila et al. [36] manufactured cement-lime
mortars (up to 66 % cement replacement) and achieved strengths
ranging from 11.4 to 14.2 MPa at 28 days with similar w/b and binder to
sand ratios as this research. Hence, these results confirm that CBPD can
replace up to 10 % of typical OPC binders and still result in higher
compressive strength concrete/mortar. Nonetheless, it can also be used
at higher cement replacement levels up to 100 % for lower strength
concrete/mortar applications.

Flexural strength obtained from three-point bending tests are shown
in Fig. 10. In general, the strength develops in a similar trend to the
compressive strength. SB50L was stronger in flexure at 3 days achieving
1.12 MPa whereas SB50R achieved 0.4 MPa. By 90 days, however,
SB50R had exceeded SB50L’s strength of 2.2 MPa achieving a flexural
strength of 2.5 MPa. As is typically expected, the flexural strength at 90
days for all mixes ranged from around 10–15 % of the total compressive
strength. The flexural strength decreased with an increase in CBPD
content.

3.5. XRD analysis

XRD is used to identify the chemical phases formed during the hy-
dration of the pastes. Fig. 11 presents the XRD pattern for SB50R and
SB50L at 7 and 28 days. At 7 days, a broad band in the range of 5–15º,
attributed to the amorphous nature of CBPD, was evident, with SB50L
displaying greater amorphousness than SB50R. This characteristic band
diminishes by 28 days. With an increase in cement content, the amor-
phousness is reduced, resulting in less noise in the diffractograms, as
seen in Figs. 12 and 13. While CSH typically forms broad diffusion peaks

Fig. 8. Linear relationship between UPV and density showing a correlation
of 99 %.

Fig. 9. Compressive strength results of all investigated mixes at 3, 7, 28 and
90 days.

Fig. 10. Flexural strength results of all investigated mixes at 3, 7, 28 and
90 days.
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around 29º, these peaks are often obscured on XRD due to overlap with
the major crystalline calcite peak at 29.4º [37].

Overall, both CBPDs exhibited similar phases, albeit at varying in-
tensities due to their distinct chemical compositions. Ettringite was
prominently present in these binders, with CBPD L binders showing less
intense peaks, indicative of a lower quantity formed. This aligns with the
strength results, where SB50R binders demonstrated greater strength
than SB50L binders, underscoring the significant role of ettringite for-
mation in strength development. CBPD R mixes produced more ettrin-
gite due to their higher sulphate content, as sulphate concentration
influences ettringite formation [38]. It should be noted that the stability
of ettringite is contingent on sulphate quantity; reduced amounts can
lead to depletion and conversion into monosulphate (AFm) [39]. The
sulphate content is sufficient as is evident in the XRD, with ettringite
peaks intensifying at 28 days.

Another noticeable difference between the control and the CBPD
mixes is the presence of syngenite (at 31.3º). Syngenite peaks form due
to the potassium and sulphate content in the CBPD and aremostly visible
in the SB50 mixes. Over time, sulphate ions from the syngenite are
released and benefit the development of further ettringite [23]. The
intensity of these peaks decreased as the CBPD content was reduced in

the binder.
Calcite peaks remained largely constant at all ages, indicating that

the phase was mostly inert. On the other hand, portlandite was found in
much higher concentrations in SB50L at both ages, which can be
attributed to the increased free lime content in this bypass dust. Hence, it
can be deduced that most of the portlandite in CBPD binders comes from
the hydration of free lime. The reactivity of CBPD, dependent on free
lime, sulphate, and alkali content, suggests CBPD L is more reactive.
However, more reactivity and a higher portlandite content do not
necessarily mean a stronger or denser product as seen from the strength
results. Based on the XRD results, the ettringite content is a large
determinant of overall strength. As mentioned previously, the increased
calcite content is also a factor to consider due to its filling and densifi-
cation effect in the binder. It is observed that at 28 days, the portlandite
peak for SB50L loses intensity. This may be due to a secondary reaction
between GBFS and portlandite.

The compressive strength results indicate an overall increase in
strength with cement content. It is also clear from the diffractogram that
the amorphous content diminishes with increasing cement content due
to the orderly crystalline structure in cement. Quartz peaks were not
observed in the control mix, which may be due to the lack of GBFS that
contains silica. It is also possible that the samples used in the XRD did
not have a high composition of quartz. SB10R and SB10L binders
exhibited both enhanced fresh and mechanical properties. These mixes
are characterised by higher calcite peaks (see Fig. 13) than the SB30 and
SB50 mixes, consistent with the higher cement content. When observing
the ettringite peaks, it is clear from the intensity that CBPD R produces
the most. The inclusion of 10 % CBPD R in OPC mixes aids the quantity
developed and ultimately may enhance the final compressive strength.
From the diffractogram, SB10R has a higher ettringite content than OPC.
The tendency of the SB10L quartz peak to decrease over time could be
attributed to the formation of other cementitious gels such as CSH and
CASH [40]. It can be assumed that the improved strength for SB10 mixes
is due to the enhanced pozzolanic reaction of slag due to the alkalinity of
CBPD.

The peak areas shown in Table 5 are obtained from semi quantitative
peak quantification of the main calcite (29.4º), ettringite (9.8º), and
portlandite (18.4º) peaks. OPC produces the most calcite, and there is a
steady decrease in this peak as OPC content decreases, however it is also
clear that calcite content is higher in CBPD R than in CBPD L, when
comparing SB50R and SB50L peaks for this phase.

CBPD L binders exhibit higher portlandite production than CBPD R,
primarily due to their substantial free lime content. SB50L has the
highest portlandite content among all mixes at 28 days.

Fig. 11. XRD results of SB50R and SB50L (p = portlandite, c = calcite, e =

ettringite, f = friedel’s salt, a = alite, q = quartz and s = syngenite).

Fig. 12. XRD results of SB30R and SB30L (p = portlandite, c = calcite, e =

ettringite, f = friedel’s salt and a = alite).

Fig. 13. XRD results of SB10R, SB10L and OPC (p = portlandite, c = calcite, e
= ettringite, f = friedel’s salt, a = alite, g = gypsum and q = quartz).
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CBPD R mixes show the highest ettringite content, possibly a sig-
nificant factor contributing to their improved strength results compared
to CBPD L mixes. SB50R has notably higher ettringite content than the
control mix, highlighting differences in hydration between pure OPC
and CBPD-GBFS binders.

Based on the hydration results, a simplified hydration model was
developed based on the XRD results as seen on Fig. 14. Water is added to
the binder materials, and they begin to dissolve (Fig. 14 Step 1 and Step
2). An exothermic reaction results in the formation of a colloidal layer
around the binder grains and free lime begins to be converted into
portlandite (Fig. 14 Step 3). Ettringite also begins to form due to the
reaction of sulphate ions with aluminate phases. Following this the
colloidal layer thickens around the grain blocking water from the
unreacted core of the grain (Fig. 14 Step 4).The binder begins to floc-
culate and nucleate which enables more water to pass through. Hydra-
tion continues and the microstructure will densify forming a dense
binder (Fig. 14 Step 5). Hydration continues over time forming more
reaction product and further densifying the microstructure of the
material.

3.6. FTIR analysis

Chemical phases that are difficult to locate using techniques such as
XRD are easier to identify with the help of FTIR. Table 6 presents the
identified IR bands and their functional groups.

The FTIR spectra of the investigated mix designs are presented in
Figs. 15–17. The results show several distinct peaks typically expected in
cementitious products, however, in some cases they are slightly shifted
and have different intensities. The peaks located around the wavelength
of 800 cm− 1 and 965 cm− 1 are due to Si-O asymmetric stretching, which
occur due to the generation of CSH. This confirms that this gel forms in
CBPD binders [37]. The Si-O stretching band consistently shifts to a
lower wavelength in all cases, especially as cement content increases.

This has been reported in the past due to the progressive depolymer-
isation of the silicate Si-O chains. This band tends to shift to a lower
frequency as the calcium/silica ratio increases in the mix [42].

CSH forms in CBPD-GBFS binders when the release of OH- ions (from
the portlandite content in CBPD) in the solution break the Si-O and Al-O
bonds of GBFS, forming SiO4 and AlO4 and releasing Ca2+ ions. The free
calcium ions then react with the active SiO4 and AlO4 leading to the
formation of CSH and CASH [43]. The peak around 965 cm− 1 can also
indicate the presence of an ettringite and monosulphate phase that in-
creases as CBPD content increases.

Table 5
Main peak area ratio for all investigatedmix designs at 28 days determined using
peak deconvolution of main peaks.

Mix Ettringite Portlandite Calcite

SB50R 162.4 106.4 290.8
SB50L 38.7 176.9 197.8
SB30R 100.8 120.5 464.6
SB30L 41.3 138.3 442.9
SB10R 93.1 148.1 693.8
SB10L 77.3 171.2 625.5
OPC 87.6 160.1 844.8

Fig. 14. Simplified hydration model of CBPD-GBFS-OPC Binders [41].

Table 6
Functional groups classification for the FTIR results for all mix
designs.

Wavenumber (cm1) Functional Group

3642–3645 ν OH (Ca(OH)2)
2976–2980 C-H
1791796 CaCO3
1638–1643 δ OH (H2O)
1421427 ν3 CO CaCO3
1131140 S-O
962–965 Si-O (CSH), Aft
873–876 C-O ν2

Fig. 15. FTIR results for SB50R and SB50L.
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Ettringite formation can also be analysed by observing the band
around 1120 cm− 1 [44]. This peak is the most intense for the mixes
containing CBPD R binders, indicating more ettringite formation due to
this bypass dust.

The bands located at around 1644 and 3425 cm− 1 occur due to the
bending and stretching of bound water molecules [45]. From the results,
the difference in intensities between CBPD R and CBPD L mixes are not
apparent except for the SB50 mixes as seen from Fig. 15.

The band at 3642 cm− 1 represents an absorption peak of portlandite
and is attributable to O-H stretching. The mixes containing CBPD L had
higher and sharper peaks at this band relative to CBPD R, indicating
more portlandite content, which confirms the XRD results. Broad bands
were also observed between 3200 – 3400 cm− 1 for all mixes. This band
gets broader and less sharp as the cement content increases, indicating
again a lower degree of polymerisation [46].

At around 1430 cm− 1 a band due to the C-stretching of carbonate
molecules is observed. These molecules are formed through the reaction
of calcium hydroxide and carbon dioxide from the air [47]. As observed,
as the cement content increases the bands slightly shift towards a lower
wavelength. This indicates a higher degree of reaction in the OPC
relative to the bypass dusts for calcite formation.

3.7. TGA/DTG analysis

Fig. 18 presents the TGA curves of the mixes (at 28 days) from 35ºC
to 1000ºC. The main temperature ranges that need to be considered are
between 35 and 220 ◦C, 220–400ºC, 400–600 ◦C, and 600–800 ◦Cwhich
correspond to the loss of water and ettringite, the loss of Friedel’s salt
and monosulphate, the decomposition of portlandite, and the decom-
position of calcium carbonate, respectively [14].

The results show that the final weight loss decreases as the CBPD
content increases. The control mix experienced the greatest mass loss
(23.2 %) followed closely by SB10R (22.5 %), showing that a 10 %
addition of CBPD R does not significantly reduce overall reaction
product formation. This mass loss is mostly the result of calcite
decomposition. SB50L, had the least mass loss of 17.6 %, showing the
lowest hydration products overall. Overall, CBPD Lmixes show less mass
loss than CBPD R mixes, confirming that they resulted in fewer hydra-
tion products. Fewer hydration products lead to a less dense matrix,
weakening the binder due to less pore-filling.

Mass loss can be better understood when observing the different
stages of decomposition of the mixes. The DTG results (Fig. 19) indicate
that there were three distinct peaks and a weak broad peak observed in
the samples, except for CBPD L samples which had four distinct peaks.

In the first phase (35–220ºC), CBPD R mixes consistently exhibit the
largest mass loss, indicating a higher formation of hydration products,
such as ettringite and CSH. This trend holds even when compared to the
control mix, emphasizing the impact of CBPD R’s high sulphate content
on ettringite formation, in agreement with XRD and FTIR results. From
the DTG, the order of peak intensity in this phase is highest for SB50R,
followed by SB30R and SB10R.

The broad band (220–400ºC) corresponds to the decomposition of
monosulphate and Friedel’s salt. The greatest mass loss in this phase is
seen in SB50L, with the mass loss reducing as the CBPD content
decreased. This is because of two main factors: the presence of Friedel’s
salt due to the chloride content and the conversion of ettringite to
monosulphate. As is evidenced from the XRD and the thermal decom-
position, CBPD L mixes contain less ettringite likely due to the lower
sulphate content of the dust. The Al/S ratio is imperative in the stability
of ettringite, hence the reduction of sulphates in CBPD L relative to
CBPD R led to the formation of monosulphate. This is also the case for
the mixes containing less CBPD R which would also lead to a reduction
in monosulphate phases.

When assessing the decomposition of portlandite (400–600ºC) or de-
hydroxylation, CBPD R mixes show the lowest mass loss where SB50R
only decreased by 2.3 %. On the contrary, SB50L had a mass loss of
3.5 % with a comparable value to the overall mass loss of 3.6 % for the
control mix. When considering that only 50 % of the mix was composed
of bypass dust for SB50 mixes, a large amount of portlandite has been
formed. This was also confirmed by the XRD results which show a larger
amount of portlandite for CBPD L mixes.

The final phase corresponds to the decomposition of calcium car-
bonate. From the results, the control mix had the largest amount of mass
loss with a decrease of 8.3 %. Furthermore, CBPD R binders exhibited
greater loss relative than CBPD L in each mix indicating a higher car-
bonate content. A significant aspect to consider is that the CaCO3
decomposition of the control mix occurs at a higher temperature than
mixes containing CBPD. Peaks occurring at a higher temperature indi-
cate a more ordered CaCO3 [48].

These results show the high variability in CBPD content, as CBPD R
contained more CaCO3 and ettringite and CBPD L contained more free
lime. While increased free lime is associated with an accelerated reac-
tion and more hydration products, excessive free lime can detrimentally
impact compressive strength and structural integrity due to uneven
hydration product distribution. The presence of stable and inert calcium
carbonate is also identified as a significant factor in the strength of CBPD
binders.

Fig. 16. FTIR results for SB30R and SB30L.

Fig. 17. FTIR results for SB10R, SB10L and OPC.
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3.8. Chemical shrinkage

Fig. 20 presents volume change versus time during the first 24 hours
of CBPD and OPC pastes. CBPD L caused significant expansion and
experienced the greatest overall volume change, followed by CBPD R

and OPC. The expansion of CBPD L was fastest during the first five hours
of curing, stabilising after that. Czapik et al. [14] also observed similar
results where their 100 % CBPD mix achieved a 55 % volume expansion
mostly within the first 10 hours.

Swelling of up to 0.091 ml/g was experienced in CBPD L. This large

Fig. 18. TGA results for the investigated mix designs (a) SB50R and SB50L (b) SB30R and SB30L (c) SB10R, SB10L and OPC.
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expansion is due to the CaO hydration that is highly exothermic enabling
thermal expansion. The ratio of volume change of a CaO particle to a Ca
(OH)2 particle is circa 17/33 [49]. Excessive ettringite formation also
causes expansion and likely the coupled effect of free lime hydration and
ettringite formation lead to this swelling.

Though both CBPDs experienced eventual swelling, they did in a
different manner. As observed from Fig. 21, CBPD R experienced
shrinkage during the first 90 minutes before expanding. This indicates
that there may be two factors that affect volume change in CBPD:
ettringite formation and free lime hydration. It is possible that initially,

Fig. 19. DTG results for the investigated mix designs (a) SB50R and SB50L (b) SB30R and SB30L (c) SB10R, SB10L and OPC.
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CBPD R is shrinking, however as ettringite begins forming at early ages,
it begins to expand. Overall, due to the compensating effect of shrinkage
and swelling the volume change was the least with swelling of 0.018 ml/
g by the end of testing. OPC only experienced shrinkage and had a result
of − 0.043 ml/g by the end of testing.

The chemical shrinkage results for the mixes containing GBFS are
shown Figs. 21–23. For SB50 mixes (Fig. 21) the expansion largely

follows the trend of the CBPD pastes, however, to a lesser degree. They
both experience swelling where SB50R and SB50L experienced swelling
of 0.015 ml/g and 0.057 ml/g, respectively after 3 days. Clearly the
inclusion of GBFS inhibits the volume change, largely due to the slower
reaction as seen in the heat of hydration results.

SB30R (Fig. 21) showed even lower volume change and it is evident
that the expansion from the CBPD and the shrinkage from the cement are
counteracting each other leading to an overall volume change
− 0.011 ml/g. SB30L also experienced swelling, however to a lesser
extent than before, clearly due to the reduced CBPD and increased
cement content. Interestingly, after 48 hours, the paste started to shrink.
This indicates that the CBPD L reacts at a much faster pace than cement.
As the cement hydrates further, it induces shrinkage on the binder.
SB30R experienced a similar effect, however to a lesser extent.

SB10 mixes showed shrinkage due to the high cement content
(80 %), however SB10L showed a reduction in overall early age
shrinkage relative to OPC. This is an interesting outcome that shows that
CBPD has the potential to inhibit early age chemical shrinkage of
cementitious binders.

3.9. Total shrinkage

Fig. 24 shows the total shrinkage for all samples up to 150 days. Final

Fig. 20. CBPD R, CBPD L and OPC chemical shrinkage results.

Fig. 21. SB50R and SB50L chemical shrinkage results.

Fig. 22. SB30R and SB30L chemical shrinkage results.

Fig. 23. SB10R, SB10L and OPC chemical shrinkage results.

Fig. 24. Total shrinkage strains for all investigated mix designs.
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total shrinkage increases with increasing content of CBPD.
At early ages up to 10 days, the shrinkage of both SB10 mixes and

OPC is practically the same, due to the high OPC content. CBPD L
binders somehow exhibits the capability to reduce early age-shrinkage,
most notably observed in SB30L and SB50L with the lowest shrinkage up
to 30 days. This indicates a direct effect of the initial chemical expansive
behaviour on total drying shrinkage. This is likely due to the expansion
during the formation of ettringite and the hydration of free lime which
slowed down the overall shrinkage of these mixes. As this expansion
slows down, CBPD mixes eventually exhibit higher shrinkage, surpass-
ing that of OPC at later ages. This phenomenon was also observed in the
chemical shrinkage, where SB30 binders expanded and then began
shrinking after a few days. Future work should focus on the use of ad-
mixtures to reduce overall shrinkage. Shrinkage reducing admixtures
have been effective in reducing drying shrinkage of GBFS based AAMs in
previous research [50].

Another factor to consider is that the prisms were stored in ambient
curing conditions. It has been found that expansion due to ettringite
formation is greatly enhanced when cured in water and can take up to
several months to complete. However, this is significantly reduced when
stored in air, due to less access to water, and an increase in restraint
[38]. It is likely that if water immersion shrinkage/expansion was
monitored or the samples were cured for longer in water, the results
would be very different and CBPD mixes would shrink less.

The type of CBPD clearly influences overall shrinkage, with CBPD R
mixes consistently exhibiting lower shrinkage than their CBPD L coun-
terparts by 90 days. However, mixes with the same CBPD quantity show
similar trends, regardless of CBPD type. While the total shrinkage was
highest by 150 days for SB50L, it should be noted that swelling did occur
prior to the hardening of the paste with visible effect on the prisms. This
may indicate that overall, the paste material expanded more than it
shrunk. Total shrinkage values at 7, 28, 90, and 150 days are detailed in
Table 7.

3.10. CBPD classification

From the results, the differences between the two types of CBPD
investigated are clear. CBPD L has a higher free lime and chloride con-
tent as evidenced by the XRD diffractograms. This enabled it to have
different properties such as expansive behaviour, high exothermic
behaviour, and weaker binders overall due to reduced density and un-
even hydration. A CBPD as such may be classified as lime rich and based
on the strength results, should be limited to low controlled strength
applications. As example of a low strength material CBPD L can be
reused as would be as a backfilling material. Li et al., [51] developed a
backfilling material composed of fly ash, gypsum and GBFS with
strengths up to 6.5 MPa. CBPD L binders can also be reused in soil sta-
bilisation. Low strength GBFS AAMs have been utilised in the past to
stabilise hazardous arsenic-bearing tailings as an example [52].

CBPD R binders gained strengths largely due to their sulphate con-
tent, which facilitated the formation of ettringite, and the higher
quantity of calcite. Thus, this CBPD can be classified as sulphate rich.
The balance between sulphates and free lime in this binder allows it to
be more appropriate for reuse in more structural applications due to its
suitable strength. Further optimisation of the material, through milling
and other methods could lead to a much stronger binder.

4. Conclusions

This paper compared two types of bypass dust as activators of CBPD
and discussed their differences. The results provided information on the
effect the composition of CBPD has in GBFS-based mortars. Two types of
CBPD were analysed, a sulphate-rich CBPD (CBPD-R) and a lime-rich
CBPD (CBPD L). The following conclusions can be drawn:

1. CBPD R binders have a higher water demand than CBPD L, and
produce stiffer mixes relative to CBPD L. Hence, the binders also set
faster. The reduction of GBFS and CBPD content lead to a better
flowability.

2. CBPD L is much more reactive and has a higher heat of hydration
relative to CBPD R. This is attributed to the highly exothermic re-
action between lime and water.

3. CBPD R binders are denser than CBPD L binders, and lead to stronger
binders. Inclusion of cement is overall beneficial for the strength,
however the 20 % replacement of OPC with CBPD-GBFS provided
the strongest binders both in flexure and compression.

4. Chemical shrinkage results show initial expansion for both CBPD L
and R binders, however for different reasons. It is hypothesised that
CBPD L expands due to the free lime reaction with water, whereas
CBPD R expands due to ettringite formation. This expansion also
leads to lower total shrinkage at early ages, however by 90 days
CBPD binders show higher total shrinkage than OPC.

5. Microstructural analysis shows that CBPD L produces a much larger
amount of portlandite than CBPD R, however CBPD R produces more
ettringite due to its higher sulphate content. Ultimately, both hy-
dration reactions are dominated by these phases. CBPD R also had a
higher calcite content.

Overall, this research explained the reason for the differences in
hydration with different types of CBPD, and what may be expected when
dealing with these materials. Based on these results, it can be concluded
that a CBPD that is lower in free lime content can be more favourable
due to less overall expansion, leading to stronger binders and likely more
durable mortar/concrete. At the end the CBPD was classified as sulphate
or lime rich, and the potential uses of each type was highlighted. Future
work should focus more on durability studies on CBPD binders as well as
the use of admixtures to aid in workability and shrinkage of these
binders.

CRediT authorship contribution statement

Ahmad Mahmoud Kobeiter Abiad: Writing – original draft,
Methodology, Investigation, Formal analysis, Conceptualization.
Hajime Kinoshita: Writing – review & editing, Supervision. Maurizio
Guadagnini: Writing – review & editing, Supervision. Kypros Pila-
koutas: Writing – review & editing, Supervision.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Ahmad Mahmoud Kobeiter Abiad reports financial support was pro-
vided by Engineering and Physical Sciences Research Council. If there
are other authors, they declare that they have no known competing
financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

Data will be made available on request.

Table 7
Total shrinkage at 7, 28, 90 and 150 days for all the investigated mix designs.

Mix 7 Days 28 Days 90 Days 150 days

SB50R 0.031 % 0.108 % 0.197 % 0.225 %
SB50L 0.016 % 0.093 % 0.213 % 0.228 %
SB30R 0.025 % 0.096 % 0.156 % 0.195 %
SB30L 0.019 % 0.085 % 0.165 % 0.203 %
SB10R 0.048 % 0.105 % 0.129 % 0.155 %
SB10L 0.046 % 0.102 % 0.137 % 0.163 %
OPC 0.048 % 0.091 % 0.109 % 0.123 %
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[13] D. Barnat-Hunek, J. Góra, Z. Suchorab, G. Łagód, Cement kiln dust. Waste and
Supplementary Cementitious Materials in Concrete: Characterisation, Properties
and Applications, Elsevier, 2018, pp. 149–180, https://doi.org/10.1016/B978-0-
08-102156-9.00005-5.

[14] P. Czapik, J. Zapała-Sławeta, Z. Owsiak, P. Stępień, Hydration of cement by-pass
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