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Sustainable concrete technology.

Self-Compacting Concrete (SCC) offers clear advantages in constructability and enhanced
durability; however, its widespread use is often limited by high cement content and reliance on
imported supplementary cementitious materials, particularly in Libya. In this context, Limestone
Calcined Clay Cement (LC3) has emerged as a promising alternative for regions with abundant
local clay and limestone resources. This study investigates the feasibility of incorporating LC3,
produced from locally available materials within the Libyan context, into SCC as a partial
replacement of Portland cement at levels of 15%, 30%, and 45%. The experimental results
demonstrate that LC3-based SCC satisfies the required acceptance criteria for rheological
performance, despite a gradual reduction in flowability with increasing replacement levels.
Mechanical testing indicates that a moderate LC3 replacement enhances early-age strength, while
higher replacement levels achieve comparable or improved strength at later ages. Tensile-related
properties show no adverse effect even at the highest replacement level when compared to the
reference mix. Furthermore, the observed reduction in porosity and increase in ultrasonic pulse
velocity confirm improved microstructural refinement, which supports the enhancement of
mechanical performance. Overall, the results confirm the technical feasibility of using LC3 in
self-compacting concrete (SCC) at replacement levels up to 45% with locally sourced materials,
achieving performance comparable to or better than the conventional SCC reference.
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INTRODUCTION

durability [1-3]. Since its development by Okamura and
Ozawa in Japan in the late 1980s, SCC has been widely used

Self-Compacting Concrete (SCC) represents a significant
advancement in concrete technology due to its ability to flow
under its own weight, its filling and passing abilities through
dense reinforcement, resistance to segregation, and the ability
to achieve full consolidation without the need for vibration,
all of which contribute to improved construction quality and

in bridge substructures, precast elements, and rehabilitation
works [4, 5]. In Libya, SCC has also been implemented in
several engineering projects [6], particularly in reconstruction
and repair activities following the Derna flood, where its
ability to fill narrow sections due to heavily dense
reinforcement without vibration provided clear advantages
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Table 1: Physical and chemical properties of cement, limestone, and metakaolin used in this study

Chemical composition % Cement Limestone
CaO 63.09 55.14
SiO2 19.88 0.03
Al203 5.37 0.54
Fe20s 2.86 0.03
MgO 1.52 0.2
Na20 0.01 2.36
K20 0.95 -
cl 0.018 0.092
SOs 2.59 0.11
TiO2 0.31 -
MnO 0.041 -
P20s 0.18 0.2
Loss on ignition 2.54 42.03
Physical property
Specific gravity 3.158 2.69
Blaine’s fineness (m2/kg) 358 489

Metakaolin  Phase composition % - cement
5.86 CsS 58.14
49.07 CaS 13.22
35.18 CsA 9.4
2.26 C4AF 8.7
1.05
0.5 ASTM C618 requirements for metakaolin
- MK
0.15 Total SiO2,Al203,Fe203 > 70% 86.51
0.03 SOs3< 4% 0.03
- Loss on ignition < 10% 1.02
0.01
0.06
1.02 Gypsum > 85% purity
2.58
996

for accelerating and improving the quality of concrete
placement.

Despite these benefits, the broader adoption of SCC in Libya
remains limited. This is primarily due to the high cement
content required to achieve adequate viscosity and stability,
as well as the reliance on imported supplementary
cementitious materials such as silica fume and fly ash, which
are not available. Moreover, Portland cement production has
a substantial environmental footprint and is estimated to
contribute approximately 7-8% of global anthropogenic CO-
emissions [7, 8]. In this context, Limestone Calcined Clay
Cement (LC3) has emerged as a promising alternative that
can reduce cement demand while maintaining adequate
performance. LC3 is particularly suitable for regions with
abundant clay and limestone deposits, offering a more
economical, environmentally sustainable approach to
concrete production. In addition, previous studies in Libya
have verified the suitability of locally produced calcined clay
for application as a supplementary cementitious material 10.
Furthermore, previous studies conducted using locally
sourced materials have demonstrated that LC3 can achieve
satisfactory mechanical performance and improved transport
properties [11, 12]. However, the behavior of LC3 in SCC
may differ because SCC is highly sensitive to binder

properties such as particle packing and fineness [13, 14].
Consequently, the use of LC3 in SCC may influence
rheological behavior, mixture stability, and the progression of
strength development

In this context, the present study investigates the use of LC3
in SCC by incorporating different clinker replacement levels
(15%, 30%, and 45%) using a 2:1 substitution ratio of
calcined clay to limestone. The experimental program
investigates the rheological characteristics, mechanical
performance properties of these mixtures in comparison with
a reference OPC-based SCC. The aim is to assess the
feasibility of using LC3 in SCC and to provide initial
technical evidence that may support its practical
implementation in construction projects in Libya, while also
contributing to cost and environmental optimization.

EXPERIMENTAL WORK

Materials Properties

Cement:

Portland cement (CEM | 42.5N), produced by Al-Fattaih
Cement Company (Derna, Libya) and conforming to Libyan
standards based on EN 197-1, was used in this study. The
physical and chemical properties of the cement are presented
in Table 1.

1. Collect and crashed

2. calcined at 800 °C for a period of 2h

3. Grinded and sieved 90-micron

Figure 1: Shape of metakaolin and the steps involved in its processing
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Metakaolin:

The metakaolin used in this study was sourced from a quarry
located in southern Libya, along the Sabha—Tamanhint road,
approximately 10 km from the city of Sabha. The kaolin clay
was crushed and calcined in a furnace at 800 °C for two
hours. After calcination, the metakaolin was allowed to cool,
ground into a fine powder using a Los Angeles abrasion
machine, and passed through a 90 pm sieve. Figure 1
illustrates the shape of metakaolin, and the processing steps
used, while Table 1 presents its physical and chemical
properties.

Limestone:

The limestone used in this study was sourced from a quarry
located near Derna. The material was ground into a fine
powder using a Los Angeles abrasion machine and then
passed through a 90 um sieve. The physical and chemical
properties of the limestone powder are presented in Table 1.
Aggregate:

The Coarse aggregate used in this study was crushed
limestone with a maximum nominal size of 12.7 mm, while
the fine aggregate was natural sand. Both aggregates were
supplied from a quarry located near Derna and conformed to
ASTM C33 specifications. The specific gravity of the coarse
and fine aggregates was 2.63 and 2.71, respectively. The
water absorption of the coarse and fine aggregates was 2.35%
and 1.02%, respectively, and the required absorption water
was included in the total batch water to maintain the target
effective water content. The particle size distribution
(grading) of both fine and coarse aggregates is presented in
Figure 2.
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Figure 2: Particle size distribution of fine and coarse aggregates

Chemical Admixtures:

This study was limited to a single type of chemical
admixture, a high-range  water-reducing  plasticizer
commercially known as DEGAST AS 2255, of Turkish
origin. Based on polycarboxylate ether (PCE) technology, the
admixture provides high water-reduction efficiency and
improved workability and conforms to the requirements of
ASTM C494. The properties of the plasticizer are
summarized in Table 2.

e Mixing proportions and SCC production

The mixtures were designed to have a total binder level of
approximately 500 kg/m® and water/binder ratio of 0.35. The
dosage of the superplasticizer was changed to obtain a flow
between 650 and 700 mm. The cement replacements by
additives were carried out by weight. Therefore, the paste

volume and the amount of fines and aggregates varied
according to the level of additives due to differences in the
specific masses of the materials.

Table 2: Properties of the plasticizer used in this study

Chemical composition Polycarboxyate based

Density (g/cm3) 1.06 £0.02
pH 7-3
Color and form Brown liquid

0.6 — 1.8% of cement
ASTM C494 Type F, and TS-EN 934-2

Dosage
Standards

Four self-compacting concrete (SCC) mixes were prepared,
including one reference mix made with ordinary Portland
cement, denoted as SCC-OPC, and three LC3-based mixes.
The LC3 mixtures incorporated cement replacement levels of
15%, 30%, and 45%, denoted as SCC-LC3-15, SCC-LC3-30,
and SCC-LC3-45, respectively. For all LC3 mixes, a constant
mass ratio of 2:1 between calcined clay and limestone was
adopted. The mix design procedure complies with the
recommendations of ACI 237R for self-compacting concrete
[1]. Detailed mixture proportions are summarized in Table 3.
All concrete mixtures were prepared following a consistent
mixing procedure comprising four main steps, as illustrated
in Figure 3. First, the binder materials (cement and SCMs),
along with the coarse and fine aggregates, were introduced
into the mixer and dry-mixed for approximately 1 minute to
ensure uniform distribution. Second, 70% of the total mixing
water was added, and the mixture was mixed for 2 minutes.
Third, the superplasticizer was mixed with the remaining
30% of the water and then added to the mixer, followed by
mixing for 1 minute until a homogeneous mixture was
obtained. Finally, the mixer was stopped to allow the mixture
to rest for 1 minute, after which mixing was resumed for an
additional 1 minute. The total effective mixing time was 6
minutes. This mixing procedure was applied to all concrete
mixtures investigated in this study. Upon discharging from
the mixer, the fresh properties of each mixture were
evaluated through self-compaction tests. The fresh concrete
was then placed into the moulds and compacted without any
vibration. Finally, surface finishing was carefully performed
to obtain a smooth and uniform surface.
Fresh S(.('}

1111
'G"'D"

Figure 3: Mixing procedure used for preparing concrete mixtures

Powder
+

Aggregate

30% Water Start

Mixing

Stop

% W
T0% water Mixing
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e Fresh state tests

In the fresh state, the self-compacting concrete (SCC)
mixtures were evaluated using slump flow diameter, flow
time (Tsoem), V-funnel, L-box, and J-ring tests. The fresh
concrete  tests were conducted immediately after
approximately 5 minutes of complete mixing. Slump flow,
T50cm, V-funnel, and L-box tests were performed in
accordance with the EFNARC guidelines for self-compacting
concrete [3], while the J-ring test was carried out following
the recommendations of ACI 237R-07 [1]. These tests were
employed to assess the filling ability, passing ability, and
segregation resistance of the SCC mixtures.
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Table 3: Mixture proportions of the concrete mixes used in this study

MIX ID SCC-OPC SCC-LC3-15 SCC-LC3-30 SCC-LC3-45
Cement, (kg/m3) 500 425 350 275
LimeStone, (kg/m®) - 25 50 75
Metakaolin, (kg/m?) - 50 100 150
Coarse aggregate, (kg/m?3) 813.09 806.9 800.71 794.53
Fine aggregate, (kg/mq) 894.4 887.59 880.78 873.98
Water, (Lit) 175 175 175 175
Superplasticizer (SP), % to bender 1.6 1.8 1.9 2
ACI237R recommendations
powder content >385 500 500 500 500
water/binder (w/b) 0.32-0.45 0.35 0.35 0.35 0.35
Absolute volume of coarse aggregate 28 - 32% 30.92% 30.68% 30.45% 30.21%
Paste fraction 34-40% 36.08% 36.46% 36.84% 37.22%
Mortar fraction 68-72% 69.08% 69.21% 69.34% 69.47%

fresh SCC. The vertical section of the V-funnel was filled,
and the gate was immediately opened to allow the
concrete to flow out. The time required for the concrete to

= Slump flow and T50cm tests were conducted to assess the
flow characteristics of fresh concrete by measuring the
spread diameter immediately after cone removal and the

time required to reach a 500 mm diameter, as shown in
Figure 4a.

The J-Ring slump flow and blocking index test was
conducted to evaluate the passing ability and potential
blockage of fresh SCC through reinforcement. The
concrete was poured into the slump cone placed inside the
J-Ring, and the cone was lifted to allow the concrete to
flow. The spread diameter was measured, and the
blocking index was calculated as the difference between

pass through the lower opening was recorded, ending
when light became visible at the bottom. The V-funnel
setup is shown in Figure 4c.

The L-box test was used to assess the ability of fresh
concrete to flow through obstructions. The fillability was
evaluated by comparing the concrete height at the outlet
to the concrete height at end of the L-box. The apparatus
includes vertical and horizontal sections separated by a
gate with three evenly spaced rods. Once the vertical

section was filled, the gate was opened to allow concrete
to flow, and the heights were recorded. The setup is
illustrated in Figure 4d.

the slump flow with and without the J-Ring. The test
setup is shown in Figure 4b.

= The V-funnel test was conducted to evaluate the
flowability, passing ability, and segregation resistance of

(b)
Figure 4: Fresh-state testing of SCC mixtures, (a) slump flow, (b) J-ring tests, (c) VV-funnel, and (d) L-box
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e Hardened state tests

In the hardened state, the SCC mixtures were evaluated at
different curing ages to characterize their mechanical
behavior, and pore structure properties. Detailed descriptions
of the test procedures and conditions are provided in the
following sections:

= Compressive strength, ultrasonic pulse velocity (UPV),
and splitting tensile strength tests were conducted on
cylindrical concrete specimens with a diameter of 70 mm
and a height of 140 mm. The tests were performed at
curing ages of 3, 7, 28, and 90 days. The average of three
specimens was considered for each age. The tests were
carried out in accordance with ASTM C39/C39M, ASTM
C597, and ASTM C496/C496M, respectively, the test
setups are illustrated in Figure 5.

= Flexural strength tests were conducted on prismatic
concrete specimens with dimensions of
100x100x400mm. The tests were performed at a curing
age of 28 days, and the reported results represent the
average of three specimens for each mix. The flexural
strength was determined using the three-point bending
method in accordance with ASTM C293/C293M. The test
setup and loading configuration are illustrated in Figure 6.

= Total porosity was determined in accordance with RILEM
(1994) using the vacuum saturation method to assess the
pore structure of concrete, shown in Figure 7. Cylindrical
specimens with a diameter of 70 mm and a height of 140
mm were tested at curing ages of 7, 28, and 90 days.
Before testing, the specimens were oven-dried at 105 °C
until a constant mass was obtained. After drying, the
specimens were allowed to cool to laboratory temperature
and then weighed. Subsequently, the specimens were
placed under vacuum conditions for 1 h to remove
entrapped air from the pore system. Following the
vacuum stage, the specimens were immersed in de-aired
water for 24 h to ensure full saturation. The saturated
specimens were then removed, surface-dried, and
weighed in air, after which their apparent mass in water
was recorded. Based on these mass measurements, the

total porosity was calculated. | . o
RESULTS AND DISCUSSION .

e Slump flow and T50cm
Figures 8a and 9 present the results of the Slump Flow Flgure 7: Total porosity test setup for concrete specimens
and T50cm spread time tests, along with the
corresponding spread diameters for all the mixes studied,
respectively. It is observed that increasing the LC3
replacement ratio led to a gradual decrease in flow and an
increase in spread time compared to the reference mix;

0 ()
o o/“‘t‘o‘o'
VYV

the spread diameter reduced from 715 mm in the reference
mix to around 655 mm at the highest replacement, and the
T50cm increased from 3 to 5 seconds. With the W/B ratio
kept constant, this reduction in flowability and increase in
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Figure 8: (a) Results of Slump Flow and T50cm spread time tests, (b) J-Ring Slump Flow and Blocking Index for all mixes studied

SCC-OPC SCC-LC3-15

spread time can be attributed to the higher content of fine
materials, where metakaolin (MK) is characterized by a high
surface area and an irregular particle structure, which leads to
increased water absorption and higher viscosity of the paste,
thereby contributing to enhanced cohesion of the mix and
reducing the self-flowing speed of the concrete [15 ,16]. In
contrast, limestone powder acts as a fine filler, improving
particle packing; however, its increase at higher replacement
ratios may increase internal friction between particles and
reduce flowability [14 ,16]. Despite the reduced flowability,
all mixes remain within EFNARC's acceptable limits for both
Slump Flow and T50cm [17], indicating the feasibility of
using LC3 at replacement ratios up to 45% in SCC concrete
with adequate workability if the mix design is well-
controlled.

14

12 +

o
=]
+

V-Funnel Flow, Sec.

SCC-LC3-30
Figure 9: Spread diameters for all the mixes studied

SCC-LC3-45

¢ J-Ring slump flow and blocking index test

Figures 8b present the results of the J-Ring Slump Flow and
Blocking Index tests for the mixes studied. It is observed that
increasing the LC3 replacement ratio led to a gradual
reduction in flowability and an increase in blocking behavior.
Specifically, the J-Ring Slump Flow value decreased from
approximately 680 mm for the reference mix to around 620
mm at the highest replacement, while the Blocking Index
increased from about 22 mm to over 32 mm, indicating a
shift from no visible blocking to minimal noticeable
blocking. Despite these changes, all mixes remain within the
acceptable limits of the ACI 237R-07 guideline. These results
confirm the trend observed previously, where the increase in
fine materials, such as metakaolin and limestone, resulted in
higher viscosity and internal friction, consequently reducing

1.00:(b)
é:—‘030-. E
0.70 + /

%

SCC-OPC SCC-LC3-15 SCC-LC3-30 SCC-LC3-45

Figure 10: (a) V-Funnel flow time and (b) L-Box passing ability results for all mixes studied
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flowability and increasing blocking.

o V-funnel and L-box test

Figures 10a and 10b illustrate the results of the V-Funnel
flow time and L-Box passing ability index for all SCC mixes
studied. A clear trend is observed in which increasing the
LC3 content leads to a progressive increase in V-Funnel flow
time and a slight reduction in the L-Box ratio, indicating
increased mixture viscosity and reduced passing ability with
higher LC3 replacement levels. This behavior is consistent
with the trends observed in the other fresh-state tests. The
reduction in Slump Flow diameter, the increase in T50cm
spread time, and the higher blocking Index test collectively
reflect a progressive decrease in flow mobility as the LC3
replacement level increases. In this context, the smaller
spread diameters and longer flow times observed previously
are directly reflected in the longer V-Funnel discharge times
and lower L-Box ratios. The coherence of these results
confirms that increasing LC3 replacement leads to a gradual
reduction in flow mobility across the fresh-state tests. Despite
these changes, all measured values remain within the
acceptance limits specified by EFNARC (2002), indicating
that the rheological properties of SCC are maintained up to
45% LC3 replacement.

e Compressive strength

Figure 1la illustrates the development of compressive
strength for all SCC mixes studied at curing ages of 3, 7, 28,
and 90 days. All mixes exhibited a continuous increase in
compressive strength with curing time. At early ages, the
SCC-LC3-15 mix exhibited higher compressive strength than
the reference SCC-OPC mix, whereas mixes with higher LC3
replacement levels showed lower early-age strength, with the
reduction becoming more pronounced as the replacement
level increased due to the reduced clinker content and
dilution effect [17, 18]. At later ages, a noticeable
improvement in compressive strength was observed for the
SCC-LC3 mixes, owing to the pozzolanic reaction of
metakaolin and the synergistic interaction between limestone
and aluminates, which enhances matrix densification and
strength development [18, 19]. Moreover, the limited late-age
strength development at higher replacement levels may be
attributed to reduced portlandite availability and decreased
clinker hydration due to high limestone and calcined clay
dosages. This aligns with [20], which reported a loss of
linearity between strength and kaolinite content at later ages.

40

30

Compressive Strength, MPa

20 -
—0—-SCC-OPC
—&—SCC-LC3-15
! —0—-SCC-LC3-30
——SCC-LC3-45
g

0 20 40 60 80

Time, Days

100

Overall, the results indicate that although the highest LC3
replacement level exhibits lower compressive strength at
early ages, it achieves higher compressive strength than the
reference OPC-based SCC at later ages, demonstrating
improved long-term strength development.

e Splitting tensile strength

Results of the splitting tensile strength of the LC3-based SCC
mixes and the reference SCC-OPC at different curing ages up
to 90 days are presented in Figure 11b. At early ages, the
splitting tensile strength generally followed the same trend
observed for compressive strength, where SCC-LC3-15
exhibited higher tensile strength than the reference mix, while
higher LC3 replacement levels showed lower early-age
tensile strength. The enhancement at 15% replacement can be
attributed to improved particle packing and filler effects,
providing additional sites for hydration products to form,
which promote a denser and more continuous matrix and
strengthen the paste—aggregate interface, thereby benefiting
tensile-related properties. Similar mechanisms and strength
gains at moderate LC3 contents have been widely reported
for LC3 systems [18, 21]. In contrast, the reduced early-age
tensile strength at higher replacement levels is consistent with
clinker dilution and lower portlandite availability, which can
temporarily limit hydration progress and delay strength
gain[18, 19]. With increasing curing time, a gradual
improvement in splitting tensile strength was observed for all
LC3 mixes, reflecting continued pozzolanic and limestone—
calcined clay synergistic reactions that refine pores and
densify the microstructure, enhancing crack resistance at later
ages [21]. Consequently, at 90 days, all LC3 mixes showed
higher or nearly equal splitting tensile strength compared to
the control mix, in line with long-term microstructural
refinement reported for LC3 systems [22].

o Flexural strength

Figure 12 illustrates the flexural strength of the SCC mixes at
a curing age of 28 days. A trend consistent with the splitting
tensile strength results is observed, where the SCC-LC3-15
mix exhibits a clear improvement relative to the reference
SCC-OPC, whereas higher LC3 replacement levels (30-45%)
show a moderate reduction. Nevertheless, flexural strength
remains comparable to the control even at 45% replacement,
which further confirms—as discussed for splitting tensile
strength—that LC3 incorporation does not adversely affect
the tensile-related performance of SCC.

4

- )

—0—SCC-0PC

—4—SCC-LC3-15

Siplt Tensile Strength, MPa
%)

——SCC-LC3-30

—0—SCC-LC345

I L A
0 20 40 60 80

Time, Days

100

Figure 11: (a) Compressive strength and (b) splitting tensile strength of SCC mixes at different curing ages
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Figure 12: Flexural strength of SCC mixes at 28 days

e Total porosity and UPV test

Figure 13 presents the variation of porosity and ultrasonic
pulse velocity (UPV) of SCC mixes with different LC3
replacement levels. With increasing LC3 content, a general
reduction in porosity accompanied by an increase in UPV is
observed, particularly at higher replacement levels and later
curing ages, indicating progressive pore refinement and
microstructural densification, which has also been reported in
the literature [19, 23 24]. From a mechanical-performance
perspective, these microstructural indicators are consistent
with the strength trends discussed earlier. Mixes exhibiting
lower porosity and higher UPV generally reflect improved
matrix continuity and fewer internal defects, which correlates
with the observed development in compressive strength and
tensile-related properties, especially at later ages.
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Figure 13: Porosity and ultrasonic pulse velocity (UPV) of SCC
mixes with different LC3 replacement levels

The clear positive correlation between compressive strength
and UPV, together with the inverse relationship between
compressive strength and porosity shown in Figure 14,
confirms that the mechanical enhancement of LC3-based
SCC is closely governed by improved matrix continuity and

densification. Overall, the results demonstrate that the
incorporation of LC3 effectively refines the pore structure,
leading to enhanced mechanical properties.
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Figure 14: Relationship between compressive strength and
(a) UPV and (b) porosity of LC3-based SCC mixes

CONCLUSIONS

This study investigated LC3-based self-compacting
concrete (SCC) with cement replacement levels up to 45%,
focusing on fresh-state behavior, mechanical performance,
and microstructural  characteristics. Based on the
experimental results, the following conclusions can be
drawn:

1. Increasing LC3 replacement led to a gradual reduction in
flowability, reflected by lower slump flow diameters and
higher T50cm, V-funnel flow times, and blocking indices.
Nevertheless, all SCC mixes satisfied the acceptance
criteria specified by EFNARC and ACI 237R-07,
confirming that adequate self-compactability can be
maintained up to 45% LC3 replacement with proper mix
design.
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2 In terms of compressive strength development, a
moderate LC3 replacement level (15%) resulted in higher
early-age compressive strength compared to the reference
SCC-OPC, whereas higher replacement levels led to
reduced early-age strength. However, at later ages, all
LC3-based mixes exhibited enhanced strength
development, with the highest replacement level attaining
compressive strength exceeding that of the reference mix,
reflecting the beneficial contribution of pozzolanic
reactions and matrix densification.

.. Splitting tensile and flexural strengths followed trends
consistent with compressive strength. Moderate LC3
replacement improved tensile performance, whereas
higher replacement levels exhibited only a slight
reduction at early ages. However, at later ages, even the
highest LC3 replacement level developed tensile strength
comparable to that of the reference SCC.

4. The reduction in total porosity and the corresponding
increase in ultrasonic pulse wvelocity indicate an
improvement in the microstructural characteristics of
LC3-based SCC, particularly at higher replacement levels
and later curing ages. This microstructural refinement is
closely associated with enhanced matrix continuity, which
in turn supports the observed improvements in
mechanical performance.

Overall, the results demonstrate that LC3-based cement can
be effectively incorporated in SCC at replacement levels up
to 45%, achieving acceptable fresh-state performance and
enhanced long-term mechanical properties, supported by
improved microstructural refinement.

RECOMMENDATIONS

Based on the findings that LC3-based SCC—yparticularly at
45% replacement—achieved performance comparable to or
better than the reference SCC while meeting fresh-state
acceptance criteria, future work should focus on three
complementary directions. First, long-term durability should
be evaluated under Libyan exposure conditions, including
chloride and sulfate resistance. Second, pilot-scale field trials
are recommended to verify constructability and quality
control under practical casting conditions. Finally, the
potential embodied CO: savings should be quantified through
life-cycle assessment (LCA). Collectively, these efforts
would establish a robust basis for the practical
implementation of LC3-based SCC in Libya.

Author Contributions: “Saad: Conceptualization and
methodology, writing—original draft preparation, review and
editing. Saad, Masoud and Abraik: Data collection, results
analysis and discussion. All authors have read and agreed to
the published version of the manuscript.”

Funding: “This research received no external funding.”

Data Availability Statement: “No data were used to support
this study.”

Acknowledgments: "The authors would like to thank the
Quality Control Laboratory at Libyan Cement Company
(LCC) - Derna for offering their technical and material
support.”

Conflicts of Interest: “The authors declare no conflict of
interest."

REFERENCES
[1] I. American Concrete, Self-consolidating concrete (ACI 327R-
07). Detroit:  American  Concrete Institute, 2009,

https://www.concrete.org/publications/internationalconcreteab

[2]

[3]

[4]

[5]

(6]

[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

stractsportal/m/details/id/18605.

K. Ozawa. "High performance concrete based on the
durability design of concrete structures.” in The Second East
Asia-Pasific Conference on Structural Engineering &
Construction, 1989, doi:
https://cir.nii.ac.jp/crid/1570009749444674944.

G. Self-Compacting Concrete European Project,
European guidelines for self-compacting concrete
specification, production and use, [Brussels]: International
Bureau for Precast Concrete (BIBM) [Brussels], 2005.
https://www.ebeton.cz/wp-content/uploads/europeanguideline
sselfcompactingconcrete.pdf.

N. R. M. C. Association, Concrete in Practice: What, why &
How? National Ready Mixed Concrete Association, 2004,
https://www.nrmca.org/wp-content/uploads/2021/01/37pr.pdf.
S. Kashima, K. Kanazawa, R. Okada, and S. Yoshikawa.
"Application of self-compacting concrete made with low-heat
cement for bridge substructures of Honshu-Shikoku Bridge
Authority." in Proceedings of the International Workshop on
Self-Compacting Concrete, pp. 255-26, 1999. https://www.
academia.edu/33814586/Self_Compacting_Concrete.

F. Masood. "Influence of Waste Marble Powder on Self-
Compacting Concrete Properties,” Master's thesis, Faculty of
Engineering, University of Sabratha, 2020.

M. Inweer, and Y. Nassar. "Carbon Emissions Life Cycle
Assessment of Cement Industry in Libya." Wadi Alshatti
University Journal of Pure and Applied Sciences, vol. 3, no. 2,
pp. 162-173, 2025. https://doi.org/10.63318/waujpasv3i2_21.
M. nweer, et al. "Carbon footprint life cycle assessment of
cement industry in Libya." Discov. Concr. Cem., vol. 1, p. 37,
2025. https://doi.org/10.1007/s44416-025-00037-1

M. Aqila, and F. Farouj. "Effect of Mixing Ratios Using Local
Pozzolana as a Partial Cement Replacement on Plastic
Cracking in Cement Mortar." Wadi Alshatti University
Journal of Pure and Applied Sciences, vol. 3, no. 2, pp. 92-97,
2025, https://doi.org/10.63318/waujpasv3i2_10.

F. Farouj, and E. Al-zwai. "The Effect of Burning Time of
Pozzolana Southern Libya on the Properties of Concrete,"
Wadi Alshatti University Journal of Pure and Applied
Sciences, wvol. 3, no. 1, pp. 24-29, 2025.
https://doi.org/10.63318/waujpasv3i2_10.

S. Alferjani, and F. Abubaker. "Durability-Related Transport
Properties of Limestone Calcined Clay Cement Mortars," The
International Journal of Engineering & Information
Technology (IJEIT), vol. 8, no. 1, pp. 29-37, 2021.
https://www.researchgate.net/publication/358535516 Durabili
tyRelated_Transport_Properties_of Limestone_Calcined_Cla
y_Cement_Mortars.

S. Alferjani and F. Abubaker. "Performance evaluation of
limestone calcined clay blended cement-based mortar." 2021.
https://third.leabz.org.ly/wp-content/uploads/2022/05/
PERFORMANCE-EVALUATION-OF-LIMESTONE-
CALCINED-CLAY-BLENDED-CEMENT-BASED-
MORTAR:.pdf.

A. Souza, et al. "The influence of LC3 on the rheology of
cementitious matrices: a systematic review of key rheological
impact characteristics." Materials and Structures, vol. 58, no.
7, pp. 1-36, 2025. https://doi.org/10.1617/s11527-025-02753-
3.

The

G. Rojo-Ldpez, B. Gonzélez-Fonteboa, F. Martinez-Abella,
and |. Gonzllez-Taboada. "Rheology, durability, and
mechanical performance of sustainable self-compacting
concrete with metakaolin and limestone filler,” Case Studies
in Construction Materials, vol. 17, p. e01143, 2022.
https://doi.org/10.1016/j.cscm.2022.01143.

R. Madandoust, and S. Mousavi. "Fresh and hardened
properties  of  self-compacting  concrete  containing
metakaolin." Construction and building materials, vol. 35, pp.
752-760, 2012.: https://doi.org/10.1016/j.conbuildmat.
2012.04.109.

S. Bhavani, and M. Prasad. "Strength and durability properties
of SCC developed using limestone calcined clay cement

Wadi Alshatti University Journal of Pure and Applied Sciences, vol. 4, no.1, January-June 2026

Page 173


https://www.concrete.org/publications/internationalconcreteabstractsportal/m/details/id/18605
https://www.concrete.org/publications/internationalconcreteabstractsportal/m/details/id/18605
https://cir.nii.ac.jp/crid/1570009749444674944
https://www.ebeton.cz/wp-content/uploads/europeanguidelinesselfcompactingconcrete.pdf
https://www.ebeton.cz/wp-content/uploads/europeanguidelinesselfcompactingconcrete.pdf
https://www.nrmca.org/wp-content/uploads/2021/01/37pr.pdf
https://www.academia.edu/33814586/Self_Compacting_Concrete
https://www.academia.edu/33814586/Self_Compacting_Concrete
https://third.leabz.org.ly/wp-content/uploads/2022/05/PERFORMANCE-EVALUATION-OF-LIMESTONE-CALCINED-CLAY-BLENDED-CEMENT-BASED-MORTAR.pdf
https://third.leabz.org.ly/wp-content/uploads/2022/05/PERFORMANCE-EVALUATION-OF-LIMESTONE-CALCINED-CLAY-BLENDED-CEMENT-BASED-MORTAR.pdf
https://third.leabz.org.ly/wp-content/uploads/2022/05/PERFORMANCE-EVALUATION-OF-LIMESTONE-CALCINED-CLAY-BLENDED-CEMENT-BASED-MORTAR.pdf
https://third.leabz.org.ly/wp-content/uploads/2022/05/PERFORMANCE-EVALUATION-OF-LIMESTONE-CALCINED-CLAY-BLENDED-CEMENT-BASED-MORTAR.pdf
https://doi.org/10.1617/s11527-025-02753-3
https://doi.org/10.1617/s11527-025-02753-3
https://doi.org/10.1016/j.cscm.2022.e01143
https://doi.org/10.1016/j.conbuildmat.2012.04.109
https://doi.org/10.1016/j.conbuildmat.2012.04.109

Alferjani, et al.

(LC3)." Materials Today: Proceedings, 2023. https://doi.org/

144075.

10.1016/j.matpr.2023.04.497. [21] F. Zunino, and K. Scrivener. "The reaction between
[17] M. EFNARC. "The European guidelines for self compacting metakaolin and limestone and its effect in porosity refinement
concrete specification, production, and use." European and mechanical properties,” Cement and Concrete Research,
Federation for Specialist Construction Chemicals and vol. 140, p. 106307, 2021. https://doi.org/10.1016/
Concrete systems, 2005.https://www.ebeton.cz/wp-content/ j.cemconres.2020.106307.
uploads/europeanguidelinesselfcompactingconcrete.pdf. [22] F. Zunino, and K. Scrivener. "Microstructural developments
[18] M. Antoni, J. Rossen, F. Martirena, and K. Scrivener. of limestone calcined clay cement (LC3) pastes after long-
"Cement substitution by a combination of metakaolin and term (3 years) hydration." Cement and Concrete Research,
limestone." Cement and Concrete Research, vol. 42, no. 12, vol. 153, p. 106693, 2022. https://doi.org/10.1016/
pp. 1579-1589, 2012. https://doi.org/10.1016/j.cemconres. j.cemconres.2021.106693.
2012.09.006. [23] H. Maraghechi, F. Avet, H. Wong, H. Kamyab, and K.
[19] F. Avet, and K. Scrivener. "Investigation of the calcined Scrivener. "Performance of Limestone Calcined Clay Cement
kaolinite content on the hydration of Limestone Calcined Clay (LC 3) with various kaolinite contents with respect to chloride
Cement (LC3)." Cement and Concrete Research, vol. 107, pp. transport,” Materials and structures, vol. 51, no. 5, pp. 1-17,
124-135, 2018. https://doi.org/10.1016/j.cemconres.2018.02. 2018. https://doi.org/10.1617/s11527-018-1255-3.
016. [24] Y. Dhandapani, and M. Santhanam. "Assessment of pore
[20] F. Zunino, and K. Scrivener. "Hydration and strength structure evolution in the limestone calcined clay cementitious
development of low-clinker (<50 %) factor limestone calcined system and its implications for performance.” Cement and
clay cements (LC3): A comparative study with natural Concrete  Composites, vol. 84, pp. 36-47, 2017.
pozzolans." Construction and Building Materials, vol. 499, p. https://doi.org/10.1016/j.cemconcomp.2017.08.012.
144075, 2025. https://doi.org/10.1016/j.conbuildmat.2025.
Wadi Alshatti University Journal of Pure and Applied Sciences, vol. 4, no.1, January-June 2026 Page 174


https://doi.org/10.1016/j.matpr.2023.04.497
https://doi.org/10.1016/j.matpr.2023.04.497
https://www.ebeton.cz/wp-content/uploads/europeanguidelinesselfcompactingconcrete.pdf
https://www.ebeton.cz/wp-content/uploads/europeanguidelinesselfcompactingconcrete.pdf
https://doi.org/10.1016/j.cemconres.2012.09.006
https://doi.org/10.1016/j.cemconres.2012.09.006
https://doi.org/10.1016/j.cemconres.2018.02.016
https://doi.org/10.1016/j.cemconres.2018.02.016
https://doi.org/10.1016/j.conbuildmat.2025.144075
https://doi.org/10.1016/j.conbuildmat.2025.144075
https://doi.org/10.1016/j.cemconres.2020.106307
https://doi.org/10.1016/j.cemconres.2020.106307
https://doi.org/10.1016/j.cemconres.2021.106693
https://doi.org/10.1016/j.cemconres.2021.106693
https://doi.org/10.1617/s11527-018-1255-3
https://doi.org/10.1016/j.cemconcomp.2017.08.012
https://doi.org/10.63318/waujpasv3i1_23
https://doi.org/10.63318/waujpasv3i1_23

