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Abstract: This study explores the potential of a composite binder comprising cement bypass dust
(CBD) and spent fluid catalytic cracking (FCC) catalyst for sustainable pavement base stabilization.
Various CBD/FCC ratios (30:70, 50:50, 70:30) and binder contents (4%, 6%, 8%, 10%) were evaluated
through laboratory testing. The 50:50 CBD/FCC mixture demonstrated optimal performance, achiev-
ing an unconfined compressive strength (UCS) of 15.6 MPa at 28 days with 10% binder content. The
mix exhibited improved stiffness (E50 modulus up to 13,922 MPa) and resistance to degradation
under wetting–drying cycles, attributable to synergistic cementitious and pozzolanic reactions. Mi-
crostructural analysis revealed a denser matrix, validating the enhanced performance. These findings
suggest CBD and FCC, as promising materials for sustainable pavement construction, align with
circular economy principles.

Keywords: cement bypass dust; spent fluid catalytic cracking catalyst; sustainable binders; pavement
base stabilization; mechanical properties; disaster

1. Introduction

The increasing demand for sustainable infrastructure and economic growth necessi-
tate the implementation of sustainable pavement materials and construction practices [1].
One such technique is the use of waste materials and industrial by-products as alternative
binders and aggregates in pavement layers. This method could minimize the environmental
burden of pavement construction and reduce costs without jeopardizing pavement perfor-
mance [2,3]. Traditional pavement construction, particularly for flexible pavements, has
significant environmental and economic impacts. The production of asphalt and cement,
key components in conventional road construction, contributes substantially to global
CO2 emissions. Estimates suggest that the road construction industry is responsible for
about 2% of global CO2 emissions, with cement production alone accounting for about
8% of global CO2 emissions. Moreover, the extraction of virgin aggregates leads to habitat
destruction and landscape alteration. Economically, the rising costs of petroleum-based
products and the increasing scarcity of high-quality aggregates are driving up construction
and maintenance costs for road infrastructure [4,5].

Recycled materials, such as recycled asphalt pavement and recycled concrete aggregate,
have proven to be viable substitutes for virgin aggregate use in the pavements’ base and
subbase layers—either as partial or full replacements [4,5]. These materials exhibit identical
or superior mechanical properties to natural aggregates, and their utilization reduces
their impact on the environment since it cuts down the consumption of natural resources
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and waste disposal [6,7]. Apart from recycled concrete aggregate (RCA) and reclaimed
asphalt pavement (RAP), numerous other waste materials have been explored as possible
substitutes for pavement layer materials, such as waste glass [8], waste plastic [9], crushed
brick [10], and crumb rubber [11].

An example of a waste material suitable for use in sustainable pavements is cement
bypass dust (CBD), which is collected in the cement production process before the feed
enters the main burner [12]. Typically, CBD consists mainly of limestone and clay minerals
that have not undergone calcination [13]. It may also contain minor amounts of alkali
sulfates and free lime [14]. If the dust is not recycled back into the cement production
process, it must be disposed of, leading to environmental concerns. However, the calcium
carbonate and alumino-silicate phases in CBD can provide binding properties if used with
the proper activation [15].

The utilization of cement bypass dust (CBD) in pavement applications has been
explored both as a stabilizer and filler material. Early studies demonstrated CBD’s potential
for soil stabilization, with results showing increased California Bearing Ratio (CBR) values
and reduced swell characteristics in treated soils [16]. Subsequent research investigated
CBD as a filler in asphalt concrete mixtures, establishing an optimal 5% substitution rate
for traditional fillers without compromising mixture properties [17]. More recent work has
focused on CBD’s role in enhancing the properties of cementitious mixtures, where its high
calcium content contributes to strength development through the formation of C-S-H and
other hydration products [13]. The chemical reactivity of CBD, particularly its free lime
content, makes it especially suitable for stabilization applications [18].

Recent investigations into CBD’s performance in stabilization applications have re-
vealed that its effectiveness is closely tied to its chemical composition and particle character-
istics. Ref. [19] found that CBD’s high alkaline content serves as an effective accelerator for
latent hydraulic substances, positively affecting mechanical properties through enhanced
hydration reactions. The formation mechanism was further elucidated by [20], who demon-
strated that CBD promotes the formation of crucial cementitious phases like belite and
mayenite at temperatures as low as 900 ◦C due to its decarbonated calcium content. This
finding is particularly significant for stabilization applications as it indicates CBD’s poten-
tial to facilitate binding reactions under ambient conditions. Ref. [21] provided additional
insight through X-ray diffraction analysis, confirming that CBD contributes to the formation
of stable cementitious phases through its interaction with aluminosilicate materials.

Another promising waste material for sustainable pavement construction is spent
fluid catalytic cracking catalyst (FCC) residue from oil refineries [22], with an annual
production of approximately 160,000 tons and a projected growth rate of 5% [23]. The
main components of FCC are silica, alumina, and zeolites, which can contribute to high
mechanical performance and durability in construction materials; however, the disposal
of this waste also poses environmental issues [22,23]. There have been several proposals
for FCC reuse, including extracting valuable metals [24], using it as a supplementary
cementitious material [25], incorporating it into geopolymers [23,26], and adding it as a
filler material in asphalt mixtures [27]. However, landfilling FCC is still a common disposal
method, motivating research into additional applications [28].

Spent FCC has shown promise in various construction applications. Studies on FCC
incorporation in asphalt mixtures have demonstrated improvements in high-temperature
performance and rutting resistance [29]. The material’s unique properties stem from its high
alumina and silica content, with research showing that its zeolitic structure and rare earth
elements contribute to enhanced material performance [30]. When used in cementitious
systems, FCC exhibits significant pozzolanic activity, contributing to the formation of
additional calcium silicate hydrate phases that enhance mechanical properties [28]. The
material’s fine particle size and high specific surface area further promote its reactivity in
stabilization applications [27].

The performance characteristics of FCC in construction applications are fundamentally
linked to its microstructural properties. Ref. [26] conducted comprehensive analyses
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revealing that FCC’s effectiveness stems from its high specific surface area and unique
particle morphology, which enhance its reactivity in cementitious systems. The material’s
pozzolanic behavior has been attributed to its amorphous aluminosilicate content, with [30]
demonstrating that FCC particles actively participate in strength-developing reactions
through surface dissolution and subsequent gel formation. Ref. [23] specifically investigated
the role of FCC’s zeolitic phases, finding that these components undergo conversion
to highly Al-substituted aluminosilicate binders, contributing to enhanced mechanical
properties. This mechanistic understanding is crucial as it explains why FCC can effectively
participate in stabilization reactions despite being a spent material.

The durability aspects of stabilized base materials have been extensively studied,
providing an important context for new stabilizer development. Ref. [10] demonstrated
that proper binder selection and content optimization are crucial for achieving long-term
performance, particularly in terms of moisture resistance and volume stability. This finding
aligns with work by [31], who emphasized the importance of controlling early-age reactions
to prevent shrinkage-related issues in stabilized base courses. Studies by [32] on by-product
material variability highlight the importance of understanding and controlling material
characteristics to achieve consistent performance in stabilized base applications. These
considerations are particularly relevant when developing novel stabilizer combinations, as
they inform both mix design optimization and performance expectations.

Although there have been several studies examining the use of CBD and FCC in-
dividually as substitutes for traditional pavement materials [16,17,22–25,27,28,33], their
combination presents a unique opportunity that has not been explored. This gap is particu-
larly significant because the chemical complementarity of these materials suggests potential
synergistic effects—CBD’s high calcium content could effectively activate FCC’s substantial
aluminosilicate, potentially leading to enhanced strength development beyond what either
material achieves alone. Furthermore, the consumption levels of both waste materials could
be optimized—while previous studies focused on using each material separately at higher
replacement rates, their combination could achieve better performance with lower total
waste material content, making the approach more economically viable. The materials are
often generated in geographical proximity, with cement plants and oil refineries frequently
located in industrial zones, reducing transportation costs and the environmental impact
of the proposed solution. Unlike traditional supplementary cementitious materials like
fly ash or slag, both CBD and FCC are currently underutilized in most regions, making
their combination a truly novel approach to waste material valorization in pavement appli-
cations. This research addresses these opportunities by systematically investigating the
combined use of CBD and FCC as a stabilizing agent, with the potential to establish a new
pathway for sustainable pavement base construction while simultaneously addressing two
significant industrial waste challenges.

The aim of this study is to evaluate the efficacy of a composite binder comprising
cement bypass dust (CBD) and spent fluid catalytic cracking (FCC) catalyst for stabilizing
granular base layers in flexible pavements, with a focus on developing a sustainable
alternative to conventional stabilization methods. The objectives of this research are
as follows:

1. Formulate and characterize stabilized base specimens using various CBD/FCC ratios
and binder contents.

2. Assess the mechanical properties of the stabilized specimens through unconfined
compressive strength testing and stress–strain analysis.

3. Evaluate the durability of optimized mixtures via wetting–drying cycle testing.
4. Analyze the microstructural characteristics of the stabilized materials using SEM,

XRD, and EDS techniques.
5. Determine the optimal CBD/FCC ratio and binder content for achieving superior

mechanical performance and durability.
6. Compare the performance of the CBD-FCC stabilized base material against conven-

tional stabilization methods to assess its viability as a sustainable alternative.
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7. These objectives are designed to evaluate the potential of CBD-FCC as a novel, eco-
friendly binder for pavement base stabilization, addressing both engineering perfor-
mance and environmental sustainability concerns in road construction.

2. Materials
2.1. Unbound Base Course

The unbound granular base (UGB) material used in this study was crushed gravel
aggregate procured from local quarries supplying an asphalt pavement plant. The gravel
was crushed, washed, and screened to meet specifications for base course aggregates as
per Iraqi standard R7 [34]. The grain size distribution of the crushed gravel aggregate is
presented in Figure 1. The aggregate was broadly graded between the 3/2 in. and No. 200
sieves, with 10% passing the No. 200 sieve. The coarse fraction retained on the No. 4
sieve was 55% gravel content. The fine fraction passing the No. 4 sieve and retained on
the No. 200 sieve was 35%. The fines passing the No. 200 sieve comprised 10% silt/clay-
sized particles. This distribution allows for an adequately graded base course material
with sufficient fines for particle interlock while preventing excessive amounts that can
impact stability.
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Figure 1. Particle size distribution of UGB.

Atterberg limits testing on the fines indicated a liquid limit of 14%; Modified Proctor
compaction testing resulted in a maximum dry density of 2.39 g/cm3 at an optimum
moisture content of 5.4% by weight. The California bearing ratio after 4 days of soaking
was 83%. The Los Angeles abrasion loss for the crushed aggregate was 29%. Unconfined
compressive strength testing indicated a strength of 580 kPa for untreated specimens
compacted to 100% of modified Proctor densities. All physical and engineering properties
tested met specifications for a base course aggregate material as set out in Iraqi standard
R7-2003 [34], as summarized in Table 1.
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Table 1. Properties of UGB.

Test Result Requirements Test Standard

SO3 content (%) 1.14% <5% B.S. 1377-3-2018 [35]
TSS content (%) 2.12% <5% B.S. 1377-3-2018 [35]

Gypsum content (%) 2.3% <5% ASTM D 2974-20 [36]
Liquid limit (%) 14 <25% AASHTO T89-68 [37]

Plasticity Index (%) - <4% AASHTO T90-70 [38]
California Bearing Ratio (%) 83% >80% ASTM D 1883 [39]

L.A. abrasion loss (%) 32.10% <45% ASTM C 131/131 M-20 [40]
MDD (g/cm3) 23.9 kN/m3 - ASTM D 1557-12 R21 [41]

2.2. Cement Bypass Dust (CBD)

The cement bypass dust used in this study (Figure 2) was provided by the Lafarge
cement factory located just outside Karbala city in Iraq. Chemical and mineralogical char-
acterization of the cement bypass dust (CBD) was carried out through X-ray fluorescence
(XRF) spectrometry and X-ray diffraction (XRD) analyses. XRF results shown in Table 2
indicate a predominance of calcium oxide at 84.2% by mass, suggesting the CBD consists
primarily of unreacted calcium compounds leftover from the cement clinkering process.
This is verified by the significant calcite (CaCO3) peaks observed in the XRD pattern shown
in (Figure 3) [20,21]. The CBD also contains silicon dioxide, confirmed by the presence of
quartz (SiO2) diffraction peaks, likely originating from the clay and shale deposits used
as inputs for cement production. Additional minor fractions of phosphates and alkali
compounds are detected, which may enter the CBD stream due to incomplete volatilization
in the kiln. The high amorphous calcium-rich content indicates the potential reactivity of
this CBD with pozzolanic aluminosilicate materials to form strengthened cementitious gels.
Prior to use, the CBD was passed through a #325 (0.045 mm) sieve to ensure consistent
particle size distribution and enhance its reactivity potential. This processing step standard-
izes the material’s fineness, which is crucial for its cementitious properties as finer particles
provide greater surface area for hydration. The fine particle size of CBD promotes a more
uniform distribution and ensures optimal interaction with other mixture components.
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Table 2. Chemical composition of CBD.

Oxides Content (%)

CaO 84.2
SiO2 3.6
K2O 3.8

Fe2O3 4.9
Al2O3 0.3
Others 3.2
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2.3. Spent Fluid Catalyst Cracking (FCC)

Spent FCC material (Figure 2) was supplied by Karbala City’s oil refinery. Character-
ization of spent FCC indicated that it contained elevated levels of silica and alumina, as
quantified by X-ray fluorescence (XRF) spectroscopy in Table 3. The majority of silica is
present in an amorphous phase, as evidenced by X-ray diffraction (XRD) analysis (Figure 3),
which revealed a high baseline elevated over a wide angular range. The significant X-ray
amorphous hump indicates the original zeolite crystalline (zeolite Y) fraction has almost
entirely degraded into an aluminosilicate glass upon exposure to hydrocarbon feedstocks
at high temperatures in the FCC unit. However, some sharp diffraction peaks are still
observed in the XRD pattern, corresponding to meaningful zeolite crystallinity persisting
that did not completely break down under hydrothermal reaction conditions. High levels
of structural alumina are also inherent to both the amorphous and zeolitic crystalline com-
ponents, as confirmed by XRF elemental analysis. Other metals originating from matrix
components and the fluidized bed reactor system used in the FCC unit are present at much
lower levels. The spent FCC material was also processed through a #325 (0.045 mm) sieve
before incorporation into the mixtures. This standardization of particle size maximizes
the material’s pozzolanic activity, as previous research has shown that finer FCC particles
demonstrate enhanced reactivity in cementitious systems. The controlled particle size
ensures consistent material performance and promotes efficient chemical reactions within
the stabilized base matrix.
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Table 3. Chemical composition of FCC.

Oxides Content (%)

Si2O3 49.9
Al2O3 28.9
TiO2 7.5

Fe2O3 6
La2O3 2.4
Others 5.3

2.4. Methodology

The experimental methodology evaluated a composite binder of cement bypass dust
(CBD) and spent fluid catalytic cracking (FCC) catalyst for pavement base stabilization.
Three FCC/CBD ratios (30:70, 50:50, 70:30) were investigated to balance CBD’s cementitious
properties and FCC’s pozzolanic activity, maximizing their synergistic reactions. Ratios
with higher dominance of either material, such as 90:10 or 10:90, were avoided due to
potential performance limitations. Excess CBD could lead to reduced pozzolanic activation,
while excessive FCC might lack sufficient calcium to support hydration reactions. The
chosen ratios represent a practical range that ensures effective chemical interaction based
on material feasibility for real-world applications. Unconfined compressive strength tests at
7 days of curing determined the optimal ratio. Four binder percentages of this optimal ratio
underwent comprehensive characterization, including mechanical performance, durability,
and microstructural analyses. Figure 4 shows the flowchart of the experimental program
for determining optimal binder composition and content for enhanced pavement base
performance. Table 4 presents the mixing proportions and sample identifications for
all combinations.

Table 4. Mixing proportions and sample identification.

ID Binder (%) CBD/FCC CBD (g) FCC (g) UGB (g) Water (g) * Total (g)

M01 4 30:70 48 112 4000 233 4393
M02 4 50:50 80 80 4000 233 4393
M03 4 70:30 112 48 4000 233 4393
M04 6 30:70 72 168 4000 246 4486
M05 6 50:50 120 120 4000 246 4486
M06 6 70:30 168 72 4000 246 4486
M07 8 30:70 96 224 4000 260 4580
M08 8 50:50 160 160 4000 260 4580
M09 8 70:30 224 96 4000 260 4580
M10 10 30:70 120 280 4000 278 4678
M11 10 50:50 200 200 4000 278 4678
M12 10 70:30 280 120 4000 278 4678

* Values obtained from modified Proctor test.

2.5. Sample Preparation

The optimum moisture content for the mixes was determined based on modified Proc-
tor compaction testing per [41]. The crushed gravel aggregates, cement bypass dust (CBD),
and spent fluid catalytic cracking catalyst (FCC) powders were dry-mixed thoroughly in
predetermined proportions. A 30 L capacity laboratory mechanical mixer was employed to
achieve homogeneity of the blended mixture along with the specified water content. The
resulting mixtures were then compacted in 101 mm inner diameter steel cylinder molds
having 200 mm height. A modified 4.54 kg Proctor hammer was utilized for compaction
by applying 25 blows uniformly distributed in 5 layers. This enabled replication of field
densities, with the compacted samples achieving a minimum of 95% modified Proctor
density. The prepared stabilized base samples, representing different CBD/FCC ratios and
binder contents, were extruded 24 h after compaction and cured in a laboratory environ-
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ment where ambient room temperature was maintained at 25 ± 2 ◦C using air conditioning.
Specimens were stored on laboratory shelves and covered with plastic sheets to minimize
moisture loss during curing. The ambient temperature was monitored daily using labo-
ratory thermometers. For wetting–drying cycles, specimens were subjected to controlled
temperature conditions during the drying phase using a thermostatically controlled oven
maintained at 71 ± 2 ◦C for 42 h. The wetting phase was conducted at room temperature
(25 ± 2 ◦C) for 5 h using tap water. All strength tests were performed at room temperature
after specimens were removed from their storage location. The laboratory conditions were
selected to represent typical ambient curing environments that would be encountered in
field applications. The sample preparation sequence is presented in Figure 5.
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2.6. Unconfined Compressive Strength

The ASTM D1633M-17 standard test method [42] was adhered to for quantifying
the unconfined compressive strength (UCS) of the compacted samples after curing. As
per specifications, the rate of strain application was maintained between 1% and 2% per
minute during axial loading of cylinder specimens using a compression testing machine.
Three duplicate samples for each CBD-FCC blend were tested at 7 days of curing. The
maximum axial load at failure recorded by the machine-integrated data logger was used to
compute the UCS as the ratio of failure load to the initial cross-sectional area resisting the
compression. The optimum CBD-FCC blend selected based on the UCS test was then used
for the rest of the samples to be tested at 3, 7, and 28 days.



Infrastructures 2024, 9, 217 10 of 23

2.7. Wetting–Drying Exposure

Ref. [43] details the test method for assessing the durability of compacted soil–cement
mixtures through cycles of wetting and drying. In this procedure, soil–cement specimens
are molded and cured. They are then subjected to 12 cycles where each cycle involves
immersing the specimens in water for 5 h and oven-drying them at 71 ◦C (160 ◦F) for 42 h.
After each drying phase, the specimens are brushed with a wire scratch brush specified by
the standard: it has six sets of stiff steel wires (bristles) with 14 wires per set, each wire being
0.33 mm in diameter. The brush is applied manually with a force of approximately 13.5 N
to remove loose material. The mass loss of the specimens after brushing is measured after
each cycle. The cumulative mass loss indicates the material’s resistance to deterioration
from wetting and drying, aiding in determining its suitability for construction purposes.

3. Results and Discussion
3.1. Compaction Test Result

The moisture–density relationship of the stabilized mixes was investigated using the
modified Proctor compaction test (ASTM D1557). The tests were conducted on mixes with
binder contents of 4%, 6%, 8%, and 10%. As shown in Figure 6, the optimum moisture
content increased consistently with higher binder content, from 5.6% at 4% binder to
6.3% at 10% binder. This trend is attributed to the higher water demand of the fine CBD
and FCC particles compared to the granular base material. Conversely, the maximum
dry density showed a slight decreasing trend from 23.8 kN/m3 to 22.9 kN/m3 as binder
content increased from 4% to 10%. This reduction in density can be explained by the lower
specific gravity of the binder materials compared to the base aggregate. Table 5 presents
the optimum moisture content (OMC) and maximum dry density (MDD) values for each
binder content and Figure 6 presents the compaction curves of the stabilized mixes.
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Figure 6. Compaction curves of the stabilized mixes with varying binder contents.

Table 5. Optimum moisture content (OMC) and maximum dry density (MDD) of the stabilized mixes.

Binder Content O.M.C (%) MDD (kN/m3)

4% 5.6 23.8
6% 5.8 23.3
8% 6 23
10% 6.3 22.9
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3.2. Unconfined Compressive Strength (UCS)

The unconfined compressive strength (UCS) results of the three stabilized granular
base mixes at different binder addition percentages and 7 days of curing are presented in
Figure 7.
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Figure 7. UCS values for different FCC/CBD mixes.

The results demonstrate the significant influence of both binder content and CBD/FCC
proportions on strength development. The 50:50 CBD/FCC mixes (M02, M05, M08, M11)
exhibit consistently superior UCS values, progressing from 4.5 MPa at 4% binder content
to 12.4 MPa at 10% binder content. This marked performance advantage stems from
the synergistic interaction between FCC’s pozzolanic reactivity and CBD’s cementitious
properties, fostering the formation of a dense, interconnected matrix [44,45]. The balanced
proportions enable optimal chemical interaction between the materials, maximizing their
respective contributions to strength development [46]. The 30:70 CBD/FCC mixes (M01,
M04, M07, M10) demonstrate notably lower strength development, with values ranging
from 2.1 MPa to 6.3 MPa. This performance limitation reflects insufficient CBD content
for proper activation of the FCC’s pozzolanic potential. Particularly telling is the irregular
strength progression until reaching 10% binder content, where a significant jump to 6.3 MPa
occurs, suggesting that high binder contents are required to compensate for the suboptimal
material ratio [47].

The 70:30 CBD/FCC mixes (M03, M06, M09, M12) achieve intermediate performance,
with UCS values ranging from 3.0 MPa to 9.4 MPa. While showing more consistent strength
progression than the 30:70 ratio, these mixes still fall short of the 50:50 performance.
The most substantial strength gain occurs between 6% and 8% binder content, reaching
7.2 MPa, indicating a critical threshold where sufficient FCC is available for reaction with
the abundant CBD. The bar charts shown in Figure 8 present the unconfined compressive
strength (UCS) results for a stabilized base material containing 50% CBD and 50% FCC at
various binder addition percentages (4%, 6%, 8%, and 10%) and curing periods (3, 7, and
28 days).

The UCS values show a consistent increasing trend with both higher binder content
and longer curing times. At 3 days of curing, the UCS ranges from 4.2 MPa at 4% binder
content to 6.7 MPa at 10% binder content. This early-age strength development can be
attributed to the rapid pozzolanic reactions of the FCC, which contribute to the formation of
cementitious compounds [48]. The 7-day UCS values demonstrate significant improvement
compared to the 3-day results, with the mix achieving 4.5 MPa at 4% binder content and
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12.4 MPa at 10% binder content. This strength gain is likely due to the ongoing hydration
and pozzolanic reactions, resulting in a denser cementitious matrix [49]. At 28 days of
curing, the UCS values range from 8 MPa (4% binder) to 15.6 MPa (10% binder), indicating
the long-term strength development of the 50% CBD:50% FCC mix. The prolonged cur-
ing allows for the completion of the pozzolanic reactions and the formation of a robust,
interconnected cementitious matrix [50].
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Figure 8. UCS values for different curing periods.

The present study’s findings can be contextualized within the broader field of pave-
ment base stabilization research. Ref. [51] investigated the stabilization of different recycled
asphalt pavement (RAP) to aggregate ratios using varying cement contents. Their results
demonstrated that for each percentage increase in Portland cement content, the uncon-
fined compressive strength (UCS) of stabilized SP-SC and GW-GC layers increased by
approximately 376 kPa and 410 kPa, respectively. This linear relationship between ce-
ment content and strength gain provides a useful benchmark for evaluating alternative
stabilization methods.

In comparison, Ref. [52] explored an innovative geopolymer stabilizer composed of
calcium carbide residue (CCR) activated by linear alkyl benzene sulfonic acid (LABSA).
Their approach yielded significant UCS improvements, with increases ranging from 213% to
321% at 7 days and 233% to 370% at 28 days, relative to untreated aggregate. The influence
of curing time was notable, with UCS increases of 9.2%, 14.2%, and 15.3% observed
between 7 and 28 days for short-term rainfall, continual fine weather, and warm conditions,
respectively. However, strength development plateaued after 28 days, with gains not
exceeding 3% across all curing conditions up to 60 days. These findings highlight the
importance of considering both short-term strength development and long-term stability
in evaluating novel stabilization techniques.

The chart clearly illustrates the positive influence of both binder content and curing
time on the UCS of the stabilized base material. The synergistic effect of the CBD and FCC,
with their respective cementitious and pozzolanic properties, contributes to the impressive
strength gains observed. The high UCS values at 28 days suggest that the 50% CBD:50%
FCC mix has the potential to create a durable and high-performance stabilized base material
for sustainable pavement applications.
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3.3. Stress–Strain Behavior and E50 Modulus

The stress–strain behavior of the stabilized base material containing 50% CBD and
50% FCC was evaluated at 3, 7, and 28 days of curing for binder percentages of 4%, 6%, 8%,
and 10%. Figure 9 presents the stress–strain curves for samples cured for 3, 7, and 28 days.
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Stress–strain analysis of the stabilized base material containing 50% CBD and 50%
FCC was evaluated at different curing periods. The secant modulus at 50% of the ultimate
stress (E50) was determined from stress–strain curves to characterize material stiffness.
As shown in Table 6, E50 values demonstrated consistent increases with both curing time
and binder content, progressing from 2547 MPa for M02 at 3 days to 13,922 MPa for M11
at 28 days. This substantial improvement in stiffness, particularly pronounced in M11,
indicates progressive formation of cementitious products through hydration and pozzolanic
reactions [53]. The synergistic effect of CBD and FCC contributes to both short-term and
long-term stiffness development. The CBD component provides early stiffness through
hydration reactions, while the FCC enhances long-term performance through pozzolanic
reactions, similar to findings reported by [25] in their study of FCC as a supplementary
cementitious material. The observed trends in E50 evolution demonstrate the effectiveness
of the CBD-FCC blend in improving the mechanical properties of the stabilized base
material, with results comparable to those reported for other cement-based and pozzolanic
stabilized materials [54]. The E50 results are summarized in Table 6.

Table 6. E50 results.

MixID 3-Day Curing 7-Day Curing 28-Day Curing

M02 2547 MPa 3274 MPa 4982 MPa

M05 3370 MPa 6503 MPa 7005 MPa

M08 4576 MPa 8140 MPa 8716 MPa

M11 5025 MPa 10,566 MPa 13,922 MPa
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CBD is rich in calcium oxide (CaO) and alkalis, which promote pozzolanic and cemen-
titious reactions when combined with other materials like lime or fly ash. This contributes
to improved early and long-term strength. Partial replacement of traditional binders with
CBD enhances compressive strength, making it suitable for base course applications.

Spent FCC catalyst contains alumina (Al2O3) and silica (SiO2), which exhibit poz-
zolanic properties. These properties improve the microstructure of the base course material,
leading to higher strength over time. The addition of spent FCC catalysts often increases
flexural strength, making the pavement less susceptible to cracking under load.

CBD improves durability by reducing the permeability of the base course, which
protects against moisture infiltration and freeze–thaw cycles. However, the high alkali
content in CBD may pose risks of alkali–silica reaction (ASR) if reactive aggregates are
present. Proper mix design and curing conditions are necessary to mitigate this.

Spent FCC catalyst enhances durability by densifying the matrix and reducing pore
sizes, thereby increasing resistance to environmental degradation (e.g., moisture, chlo-
ride penetration). It also improves resistance to chemical attack due to its inert nature
once stabilized.

3.4. Wetting and Drying Test

The weight loss during the wetting and drying cycles, calculated as a percentage of
the specimen’s original oven-dry mass [43], increases with increasing cycles for all binder
percentages (Figure 10). The rate of weight loss, however, is notably lower for higher
binder percentages (8% and 10%) compared to lower binder percentages (4% and 6%). This
observation suggests that increasing the binder content enhances the mixture’s resistance to
degradation, likely due to the formation of a more robust and interconnected cementitious
matrix. The increase in weight loss with increasing cycles is consistent with the results
of [50,51], which attribute this behavior to the gradual breakdown of the soil–cement bonds
and the loss of fine particles during the wetting and drying process.
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The effects of wetting and drying cycles on the strength and durability of a Cement
Bypass Dust (CBD) and Spent FCC Catalyst-treated sustainable pavement base course are
significant, as these cycles mimic the environmental stresses experienced by pavements.
Early Strength Loss: Repeated wetting and drying cycles can lead to microcracking, re-
ducing the cohesion between particles and causing minor reductions in compressive and
flexural strength.

The calcium and alkali content in CBD may react with water during wetting, further
activating pozzolanic and cementitious reactions. This can sometimes offset initial strength
loss, resulting in stabilization and strength recovery over long periods.
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FCC catalysts enhance the matrix’s density and pozzolanic properties, making it more
resistant to the strength-reducing effects of wetting and drying.

Sustained Performance: The alumina and silica content in the FCC catalyst enhances
interparticle bonding, allowing the base course to retain more of its strength under cyclic
wetting and drying.

Repeated wetting and drying cycles can lead to gradual expansion and contraction,
increasing porosity and susceptibility to moisture ingress. The pozzolanic reaction helps
maintain integrity and minimize the formation of shrinkage cracks caused by drying.

The trend of volume loss also increased as the number of cycles increased, as indicated
in (Figure 11), but at a lower rate for higher binder percentages. This outcome shows
that increasing the binder content improves the volume stability of the mixture, which is
essential for maintaining the structural properties and performance of the pavement’s base
layer. The reduced volume loss at a higher binder percentage is due to the presence of some
cementitious products, such as calcium silicate hydrate and calcium aluminate hydrate, that
enhance the strength and dimensional stability of the mixture [55]. The hydration products
from the reaction between the binder material and the soil particles fill the pores within the
soil–cement matrix, making the structure more dense and resistant to moisture-induced
volume changes.
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Furthermore, the reduced weight and volume loss at higher binder percentages can
also be attributed to the pozzolanic reactions of spent FCC, which refine the microstructure
of the cementitious matrix and enhance the mixture’s durability [56]. The pozzolanic
reaction between the silica and alumina in spent FCC and the calcium hydroxide produced
during cement hydration leads to the formation of additional C-S-H and C-A-H, further
strengthening the soil–cement matrix and improving its resistance to deterioration caused
by wetting and drying cycles.

Figure 12 reveals progressive deterioration of cement bypass dust (CBD) and spent
fluid catalytic cracking catalyst (FCC)-stabilized base course samples with increasing
wetting–drying cycles. Cracking, spalling, and material loss become more pronounced,
aligning with observations by [56] that cyclic wetting–drying causes initial microstructural
changes and degradation [43].

Rasul et al. [57] found that samples subject to wetting and drying exhibited signif-
icantly greater permanent deformation and had lower values of resilient modulus than
those that were not subject to wetting and drying.

However, higher total CBD-FCC binder contents (M11) provide improved resistance
to degradation compared to lower contents (M02), even after 12 cycles. This suggests that
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increased binder content facilitates more extensive pozzolanic reactions that counteract
the deleterious effects of wetting–drying [58]. The results demonstrate the importance
of sufficient stabilizer content for the long-term durability of sustainable pavement bases
under severe environmental conditions.
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3.5. Microstructural and Morphological Analysis

Figure 13 presents a comparative Field Scanning Electron Microscopy (FeSEM) analy-
sis of the microstructural characteristics of the M02 and M11 samples at two different scales.
These samples were specifically selected as they represent the lower and upper limits
of the binder content range investigated in this study and exhibited the most significant
differences in mechanical strength and durability. The M02 sample shows a predominantly
smooth, planar surface morphology with minimal topographical variation. At 5 µm magni-
fication, the surface exhibits a relatively uniform texture with sparse, isolated crystalline
deposits appearing as bright spots on the surface. The 20 µm view reveals occasional
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clusters of crystalline formations but maintains a largely continuous matrix with limited
evidence of hydration product development, suggesting restricted chemical interaction
between the binder components at 4% content.
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Figure 13. FeSEM test for the stabilized base course samples: (a) M02 @ 5 µm, (b) M02 @ 20 µm,
(c) M11 @ 5 µm, (d) M11 @ 20 µm.

M11 micrographs display dramatically different features, characterized by a highly
textured, honeycomb-like structure. At 5 µm, the surface shows an intricate network of
fine, needle-like formations and irregular micro-pores, indicating extensive development of
C-S-H and C-A-H phases. The 20 µm magnification reveals a complex, three-dimensional
structure with abundant crystalline clusters and a significantly rougher surface topography.
This microstructural evolution demonstrates more complete hydration and pozzolanic
reactions at 10% binder content, creating a denser, more interconnected matrix that explains
the superior strength values observed in mechanical testing.

The XRD patterns shown in Figure 14 comparing M02 (4% binder) and M11 (10%
binder) samples reveal distinct mineralogical differences. M11 exhibits stronger and more
numerous peaks for C-S-H phases (marked as S) at 2θ angles of 21◦, 29.5◦, 42◦, 47◦, and
50◦, indicating enhanced formation of calcium silicate hydrate gel. The presence of well-
defined C-A-H peaks at 40◦, 45◦, and 60◦ in M11 demonstrates significant aluminate phase
development, which is notably absent in M02. The calcite (CaCO3) peak at 30◦ shows higher
intensity in M02, suggesting more unreacted calcium-rich phases. The reduced calcite peak
intensity coupled with increased C-S-H and C-A-H peaks in M11 provides direct evidence
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of more extensive pozzolanic reactions at higher binder content. The sharper peak definition
in M11, particularly for the C-S-H phases, indicates better crystallinity and more complete
hydration reactions [59,60], explaining the superior mechanical performance observed in
strength testing. The M02 sample generally exhibits broader peaks with higher full-width
at half-maximum intensity (FWHM) values, indicating smaller crystallite sizes or higher
microstrains [61].
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The Energy-Dispersive X-ray Spectroscopy (EDS) data for the M02 and M11 samples
are presented in Figure 15. The M11 sample exhibits increased oxygen and silicon content,
demonstrating enhanced hydration and pozzolanic reactions. A decrease in calcium con-
tent lowers the Ca/Si ratio, promoting longer chain silicates in the calcium silicate hydrate
(C-S-H) gel [62]. This modified (C-S-H) structure, characterized by a denser and more inter-
connected matrix, directly contributes to the improved strength and durability observed in
the 10% binder mix [63]. These compositional changes elucidate the chemical mechanisms
underlying the superior performance of the higher binder content in sustainable pavement
base stabilization.

Both CBD and FCC catalysts promote the recycling of industrial byproducts, reducing
landfill waste and environmental pollution.

Their use reduces the demand for virgin materials and the carbon footprint associated
with conventional binder production.

The effectiveness of CBD and FCC catalysts depends on their proportions in the mix.
Excessive CBD can lead to brittleness, while too much FCC catalyst may affect workability.
Careful assessment of the compatibility of these byproducts with other pavement materials
is crucial. CBD, in particular, may contain heavy metals. Ensuring minimal leaching is
critical for environmental safety.
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4. Conclusions

This study investigated the efficacy of a composite binder comprising cement bypass
dust (CBD) and spent fluid catalytic cracking (FCC) catalyst for sustainable pavement base
stabilization. The research yielded several significant findings:

1. The 50% FCC:50% CBD mixture demonstrated superior performance, achieving un-
confined compressive strength (UCS) values of 15.6 MPa at 28 days with 10% binder
content. This synergistic effect is attributed to the balanced pozzolanic and cementi-
tious reactions.

2. UCS values exhibited consistent increases with higher binder content and longer
curing periods. The 10% binder content samples showed the most significant strength
gains, with UCS values ranging from 6.7 Mpa at 3 days to 15.6 MPa at 28 days.

3. Analysis of stress–strain curves revealed increasing E50 modulus values with higher
binder content and curing time. For the optimal mix, E50 values ranged from 5025 MPa
at 3 days to 13,922 MPa at 28 days for 10% binder content, indicating substantial
improvement in material stiffness.

4. Higher binder contents (8–10%) demonstrated enhanced resistance to degradation
during wetting–drying cycles, indicating improved long-term performance under
variable environmental conditions.

5. SEM, XRD, and EDS analyses revealed a denser matrix with improved particle binding in
samples with higher binder content, corroborating the enhanced mechanical properties.

6. The utilization of CBD and FCC, industrial by-products, in pavement construction
contributes to waste reduction and resource conservation, aligning with circular
economy principles.

The optimal mix design of 10% binder content with a 50% CBD:50% FCC ratio offers
a viable, sustainable alternative to traditional stabilizers for pavement base construction.
This approach not only enhances mechanical properties and durability but also promotes
cleaner production practices in road infrastructure development.
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Future research should focus on field applications, long-term performance monitoring,
and potential leaching behavior to further validate the efficacy and environmental safety
of this stabilization method. The findings provide a foundation for developing more
sustainable and resilient road infrastructure, addressing both environmental concerns and
the need for durable pavement systems.
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Nomenclature

Symbol Description
CBD Cement Bypass Dust
FCC Spent Fluid Catalytic Cracking Catalyst
UGB Unbound Granular Base
XRF X-Ray Fluorescence
XRD X-Ray Diffraction
SEM Scanning Electron Microscopy
OMC Optimum Moisture Content
MDD Maximum Dry Density
CBR California Bearing Ratio
UCS Unconfined Compressive Strength
SO3 Sulfur Trioxide
TSS Total Soluble Salts
L.A. Los Angeles
CaO Calcium Oxide
SiO2 Silicon Dioxide
K2O Potassium Oxide
Fe2O3 Iron Oxide
Al2O3 Aluminum Oxide
TiO2 Titanium Dioxide
La2O3 Lanthanum Oxide
Y Zeolite Y
FWHM Full-Width at Half-Maximum
EDS Energy-Dispersive X-ray Spectroscopy
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