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Featured Application

This study examines the use of this waste material in road subbases by improving it with
different waste materials.

Abstract

Concrete waste generated from the demolition of structures constitutes a significant source
of waste worldwide. Recycled concrete aggregates (RCA) obtained from this waste exhibit
disadvantages such as high porosity and low mechanical strength; therefore, they are not
used in pavement structures without improvement. This study investigates the feasibility
of using RCA improved with waste-based stabilizers as highway subbase material. RCA
was used as fine aggregate and blended with basalt aggregate (BA) at different replacement
ratios. The mixtures were subjected to California Bearing Ratio (CBR) tests to determine
the optimum RCA content. Subsequently, unconfined compressive strength (UCS) tests
were conducted using calcium carbide slag (CCS) as an activator and sewage sludge ash
(SSA) as pozzolanic material at various proportions. The experimental results indicated
that the mixture containing 35% RCA exhibited the most favorable performance, while
higher RCA contents resulted in significant reduction in CBR values. The highest UCS
value was obtained in the mixture containing 30% waste additive by weight of RCA with a
CCS:SSA ratio of 3:7. For this mixture, CBR reached 315%, and displacement measured
in the cyclic plate loading test under a load of 35 kN was 2.5 mm. This mixture provides
sustainable and mechanically suitable alternatives for highway subbase applications.

Keywords: plantmix base; recycled concrete aggregate (RCA); sewage sludge ash (SSA);
calcium carbide slag (CCS); sustainability

1. Introduction
Demolition waste refers to construction materials generated during the renovation or

modification of structures that have been subjected to various loads and external effects
throughout their service life [1]. Large-scale demolition activities, particularly following
seismic disasters, produce enormous amounts of waste debris. The 6 February 2023 Kahra-
manmaraş earthquakes alone resulted in 350 to 850 million tons of demolition waste [2].
Official figures released in 2023 indicate that Türkiye has 28.6 million buildings, 6.7 million
(~23.4%) of which are classified as structurally risky in the event of an earthquake [3]. Con-
sequently, earthquake-prone countries like Türkiye must undergo urgent urban renewal
efforts [4]. However, this process leads to massive demolition waste disposal challenges.
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Demolition waste may contain concrete blocks, bricks, lime, wood, metal, bituminous, and
plastic materials. In terms of mass, 75–80% of this waste consists of concrete and brick
materials [5]. A study has determined that approximately 60% of 1 m3 of demolition waste
can be recycled, while another study has reported that this rate can reach up to 90% [6].
However, unfortunately, worldwide, these wastes are not fully utilized, and a significant
portion is disposed of in vacant lands [7].

The storage of demolition waste not only incurs high costs but also poses environ-
mental risks. On the other hand, in line with the principle of sustainability, research on
the reuse of demolition waste continues. The partial use of recycled concrete aggregate
(RCA) instead of newly produced virgin aggregate can help reduce carbon emissions to
some extent, particularly those generated during the production and transportation of
aggregates extracted from quarries located far from residential areas [8,9]. Research has
been conducted on the various applications of recycled concrete aggregate (RCA) in the
construction sector. In particular, numerous studies in the literature have explored the use
of RCA in road base and subbase construction [10–12]. A summary of some of these studies
and the findings obtained is as follows.

In a study conducted by Aytekin (2023) [1], recycled concrete aggregate (RCA) was
mixed with crushed limestone aggregate at ratios of 0%, 25%, 50%, 75%, and 100%. The
findings indicated that some of these mixtures met the lower limit values specified in the
Technical Specifications of the Turkish Republic Highways (KTŞ). However, it was also
noted that RCA alone did not meet the required specification standards [1]. In another
study conducted by Tabyang et al. (2022) [13], municipal solid waste ash was used to
improve the strength of RCA for use in road construction. As alkali activators, liquid
sodium metasilicate (Na2SiO3) and sodium hydroxide (NaOH) solutions were added. The
study investigated the suitability of the resulting material for use as a pavement base. The
findings revealed that the best results were obtained when 10% municipal solid waste ash
was added [13]. In a study conducted by Arulrajah et al. (2016) [14], demolition waste
consisting of bricks and concrete was stabilized for road base applications using mixtures
of fly ash, blast furnace slag, and carbide sludge. The binder content in the mixtures was
adjusted to 10%, and the materials were combined in binary combinations at different
ratios. Additionally, an alkali activator was introduced to enhance bond formation within
the mixture. The final mixture was prepared for use in road base and subbase layers. The
best performance was achieved using a combination of 5% carbide sludge and 5% blast
furnace slag [14]. Fly ash has also been used to improve the properties of soil layers. In their
2022 study, Chompoorat et al. found that fly ash added to cement at a rate of up to 15% met
the standards required for soil reinforcement [15]. In general, RCA is reported to have low
or inconsistent strength values, high porosity, and consequently high water absorption
capacity and abrasion values. Due to these drawbacks, it is recommended that RCA should
be reinforced with natural aggregates or other additive materials [1,13,16]. On the other
hand, it is also known that the addition of materials such as cement and lime improves
the properties of RCA for use in road layers [17,18]. However, the production of cement
and lime releases a significant amount of carbon emissions into the environment [19,20].
Data indicates that 10% of global carbon emissions result from cement production, while
2% originate from lime production. According to these figures, the production of 1 ton
of Portland cement leads to the emission of 1 ton of CO2 into the atmosphere [12]. To
summarize, as evident from the literature review, a significant volume of concrete waste is
projected to be generated in the near future. Without proper planning, this waste will be
disposed of in vacant areas, posing a threat to the environment. On the other hand, research
and strategic planning can facilitate the reuse of RCA. Previous studies have shown that
materials composed entirely of 100% RCA do not yield successful results when used alone
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in road base and subbase applications [1,11,18,21,22]. At this point, it is recommended that
RCA either be mixed with virgin aggregate or enhanced with different mixtures. Studies
indicate that improving the properties of RCA would be beneficial for its utilization in
construction applications [23,24]. Although cement and lime are commonly used materials
for enhancing RCA properties, researchers are investigating alternative materials with
a lower carbon footprint. At this point, various pozzolanic waste materials, such as fly
ash and blast furnace slag, can be used as alternatives to cement due to their binding
properties [15]. In particular, it has been found that the use of materials with high Ca(OH)2

content as alkaline activators improves bonding capabilities [25]. In this study, two different
waste materials (CCS, SSA) are used to improve RCA properties.

Calcium carbide sludge (CCS) is a waste byproduct generated from the hydrolysis of
calcium carbide during acetylene gas production. It contains a high amount of Ca(OH)2 [26]
and is classified as an alkali-activated material with low carbon emissions [11]. Due
to its Ca(OH)2 content, CCS is known to exhibit binding properties by reacting with
materials containing silicon and aluminum oxides [5,13,27]. It has been observed that, due
to its binding ability, CCS enhances the strength of the materials it is mixed with while
reducing their permeability [28]. Additionally, studies have shown that CCS lowers the
hydration heat, thereby reducing the risk of thermal cracking. It also improves resistance
to chemical deterioration caused by sulfates and chlorides [29]. The proportion of CCS
added as an alkali activator in the material must be carefully considered; if added in
insufficient quantities, it cannot create an adequate alkaline medium and will not provide
the desired benefits. When too much is added, the strength obtained decreases, etringite
formation is observed, the environment becomes excessively alkaline, which damages the
C-S-H bonds, and finally, an excessive amount of unreacted calcium hydroxide remains
in the environment, which reacts with CO2 to form porous limestone, which increases
permeability. Therefore, it is important that almost all of the CCS added to the mixture
is consumed [30,31]. In previous studies, the ratio of CCS to binder has ranged from 10%
to 40% [32–38]. CCS is generally dried in the sun or in an oven to a constant moisture
content, ground, and passed through sieves with apertures of 40 or smaller. It has been
determined that the lower the particle size, the more reactive it is [25,32,39]. A study
conducted in 2024 determined that 28 million tons of CCS is produced worldwide annually,
with approximately 55% of it being utilized [40]. Additionally, the production volume
continues to increase each year [41]. On the other hand, a study in Türkiye in 2019 reported
that waste CCS could not be reused and was instead transported to storage sites [42].
Globally, the unused portion of CCS in recycling is disposed of in vacant lands, causing
environmental damage and leading to issues such as unpleasant odors [43]. Therefore,
planning for its reuse through research is important.

In this study, sewage sludge ash (SSA) was used alongside carbide sludge to improve
the properties of recycled concrete aggregate (RCA). The use of CCS together with SSA is
mechanistically justified by the pozzolan–lime synergy between Ca(OH)2-rich CCS and the
reactive aluminosilicate phases in SSA [25,28]. In cementitious and alkali-activated systems,
the amorphous silica in SSA can consume calcium hydroxide and contribute to additional
C–S–H-type gel formation, while Ca(OH)2-based residues provide both a highly alkaline
pore solution and Ca2+ that promote precursor dissolution and hydrated gel precipitation.
Consequently, adopting an SSA-rich blend can be theoretically rationalized as a balance that
supplies sufficient Ca(OH)2 for activation while maximizing reactive silica availability and
minimizing unreacted Ca(OH)2 [44,45]. Sewage sludge is a semi-solid/liquid material col-
lected from wastewater treatment plants [46]. With population growth and infrastructure
development worldwide, the production of municipal solid waste is expected to increase
significantly, reaching 3.4 billion tons by 2050 [47]. These wastes cause various environ-
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mental problems. In recent years, they have played a significant role in the formation of
mucilage. Mucilage is an organic material produced by various marine organisms and
negatively affects marine life due to its structure and odor [48]. A study has found that
nitrogen and phosphorus in sewage waste are critical factors in the formation of mucilage,
and this problem intensifies in stagnant inland seas [49]. One of the most effective solutions
to this issue is waste incineration plants. In these facilities, sewage waste is converted
into solid waste and then transformed into thermal energy, thus providing a sustainable
benefit by generating energy while preventing the release of hard-to-recycle waste into
the sea [50]. The incineration of solid waste results in the formation of three new types
of waste: bottom ash, fly ash, and gas emissions. The use of bottom ash and fly ash as
construction materials is an area of ongoing research. The presence of active alkalis in the
ashes has further encouraged studies in this field. However, the physical and chemical
properties of the ash vary depending on factors such as the facility where it is produced,
the type of raw material burned, and the process used (incineration or treatment) [51].

In this study, the potential use of RCA waste, which is expected to emerge in
earthquake-prone countries like Türkiye in the near future, was examined for pavement
base applications in highways after an improvement process using other waste materials.
As an alternative to cement and lime, the improvement process incorporated sewage sludge
ash (SSA), which exhibits pozzolanic properties, and carbide sieve sludge (CCS), a waste
material that is an alkaline activator with a high calcium content. Motivated by the in-
creasing costs and environmental impacts of virgin aggregate extraction, this study aims to
develop an alternative road base design using locally available waste materials. This study
investigates the beneficial reuse of waste materials by improving RCA with other waste-
based materials. The enhanced RCA was designed as the fine fraction (2 mm–0.075 mm),
whereas basalt aggregate (BA) was used as the coarse skeleton (19 mm–0.475 mm). Selecting
RCA below 2 mm was intended to mitigate the adverse effects of its porous adhered mortar
and to promote stronger bonding with pozzolanic wastes. The experimental program
comprised (i) compaction tests, (ii) soaked CBR tests on BA with RCA replacement levels
up to 45%, and (iii) UCS tests to identify the optimal stabilizer blend by varying CCS:SSA
ratios (2:8 to 4:6), RCA contents (20% to 40%), and curing period (0–28 days). Based on
the UCS outcomes, CBR tests were repeated at 7 and 14 days using a fixed RCA–BA ratio
while adding CCS and SSA at 10–30% to quantify the improvement efficiency. Finally, the
mixture yielding the highest soaked CBR was validated by a cyclic plate load test as a
small-scale performance check.

Coarse aggregates form the structural framework of base layers and govern resistance
to repeated traffic and environmental loads, including permanent deformation [52–55].
Accordingly, untreated BA was selected as the coarse fraction, while the waste-derived
fine fractions (RCA, SSA, and CCS) were used to fill voids and progressively enhance
inter-particle bonding. As reported in the literature, such fine fractions can reduce per-
meability, limit pore water pressure buildup, mitigate thermal cracking risk, and improve
durability against environmental actions [29,56]. Moreover, CCS and SSA are expected
to compensate for typical RCA drawbacks such as low strength, high porosity, and high
water absorption [13,16]. The experimental study designed for this purpose is detailed in
the methodology section. The flow chart for this study is presented in Figure 1.
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Figure 1. Flow chart of the study.
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2. Materials and Methods
A total of four different materials were used in this study. The materials utilized

include basalt aggregate (BA), sourced from a quarry; recycled concrete aggregate (RCA),
obtained from demolished buildings due to urban renewal; sewage sludge ash (SSA); and
carbide sieve sludge (CCS). Detailed information about these materials is as follows.

2.1. Basalt Aggregate (BA) Sourced from the Quarry

The natural, virgin basalt aggregate used in this study was supplied from the basalt
quarry operated by Efor Mining Company, located within Irşadiye neighborhood, Gölcük
district, Kocaeli province, Türkiye. Various properties of the basalt aggregate are provided
in Table 1 below. The largest particles can pass through a 22 mm sieve, while the smallest
particles are of filler size (0.075 mm). The material, initially obtained in a mixed gradation,
was sieved before use (Figure 2).

Table 1. Efor Mining Company basalt quarry aggregate properties [57].

Test
Related

Specification
Number

Result (%) Specification
Limits

Mg2SO4 Freezing Loss
(%) TS EN 1367-2 1.5 Max. 14%

L.A. Abrasion loss (%) TS EN 1097-2 15 Max. 25%
Flatness Index (%) BS 812 12 Max. 25%

Plasticity Index, (%) TS-1900 NP NP

Water Absorption (%) TS EN 1097-6 Course: 0.64;
Fine: 0.66 Max. 2%

Peeling Resistance (%) KTŞ Kısım 403 Ek-A 70–75 Max. 60%
Methylene Blue Test,

(Stone Dust) (%) TS EN 933-9 0.8 Max. 1.5%

Specific Gravity: Course: 2.663 Fine: 2.701 Filler: 2.716

 

Figure 2. Sieved and laboratory-stored basalt aggregate (19 mm–0.475 mm).

2.2. Recycled Concrete Aggregate (RCA)

The recycled concrete aggregate (RCA) used in this study was obtained from a de-
molished building during urban renewal projects in Yalova, a city located on the North
Anatolian Fault Line, where 2504 people lost their lives in the 1999 Gölcük earthquake. The
demolished structure was a residential building located at parcel 271, block 2, in the Dörtyol
area of Gazi Osman Paşa Neighborhood. Before demolition, core samples were taken from
the building, and the average compressive strength was recorded as 11.4 MPa. The concrete
debris brought to the laboratory was processed using a Dotek (Ankara/Türkiye) brand
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2015 model Los Angeles abrasion machine to break it down for experimental use. Similar
studies in the literature have utilized this method [27,58,59]. This method has also been
applied to remove cement mortar from the aggregate [59,60]. As seen in Figure 3, the RCA
was classified into different sieve sizes in the laboratory. As previously stated, coarse aggre-
gates were obtained from BA, while fine aggregates were sourced from waste materials.
As can be seen in Figure 4, there were coarse aggregates where the aggregate and cement
paste attached after the RCA was crushed. In these aggregates, the interface between the
cement paste and the aggregate forms a weak zone, which is a common issue with RCA.
This weak zone arises due to micro-cracks and voids present in the cement paste [59]. From
a microstructural perspective, SEM-based studies report that RCA particles are natural ag-
gregates partially coated with a porous and microcracked layer of old cement mortar. This
residual mortar increases the total pore volume and explains the significantly higher water
absorption of RCA compared to untreated aggregates. This is consistent with the higher
OMC observed in RCA-rich mixtures in the present study [61]. Therefore, it was considered
more suitable to use RCA as fine aggregate rather than coarse aggregate. Figure 5 presents
hand microscope images of fine RCAs, showing that the cement paste–aggregate bond is
stronger in fine RCA. This is because the micro-roughness of the cement paste allows better
adhesion at smaller scales. This property prevents sudden fractures in coarse RCA, which
could otherwise lead to new void formations and structural weaknesses.

  

A B 

Figure 3. (A) Area where concrete debris is collected. (B) Crushed and sieved concrete aggregate.

   

A B C 

Figure 4. (A) RCA; (B) cement paste and aggregate interfaces; (C) coarse aggregate size.
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A B C D 

Figure 5. (A,B) Images of fine RCA observed under a light microscope. (C,D) Fine aggregates’ size at
grid spacing 0.1 × 0.1 mm.

2.3. Sewage Sludge Ash (Bottom Ash) (SSA)

Due to the mucilage problem in the Marmara Sea, studies have been conducted
to reduce sewage waste in coastal provinces. One of the most used methods in these
efforts is solid waste incineration plants. Within this scope, SSA used in this study was
obtained from the sewage sludge incineration and energy recovery facility operated by
Bursa Metropolitan Municipality. In the literature, SSA is described as a material rich in
aluminum silicate [12,13]. Bottom ash accounts for 80–90% of the total waste mass [62]. In
this study, bottom ash (SSA), which is produced in large quantities by mass, was utilized.
The physical properties and composition of SSA, obtained through X-ray fluorescence
spectrometry (XRF) (excluding compounds present in amounts less than 1%), are provided
in Tables 2 and 3, based on data from the supplying facility. SSA can cause heavy metal
leakage when used in high quantities, but previous studies have indicated that this leakage
is greatly reduced in an alkaline environment, when bonds are formed, and when low
particle sizes are used. In this study, SSA will not exceed 7.35% by mass even at the highest
rate. Furthermore, the CCS used is an alkaline source and will form C-S-H bonds with
SSA. Finally, since the SSA particle size will be 75 microns or less, it is expected to form
bonds actively [63–66]. When SEM images of SSA are examined in the literature, they
predominantly show irregular grains and strongly developed, porous surfaces, consisting
of angular particles. This type of rough and porous texture can trap water and increase
water demand. When mixed with SSA binders, it provides potential nucleation sites for the
precipitation of reaction products. However, during this process, the bonds formed with
CCS can convert the weak areas that hold water into C-S-H bonds over time [65,67].

Table 2. Physical properties of SSA.

Physical Properties

Sieve Size % Passed from 0.075 mm sieve %95.6
Specific Gravity 2.32
pH Value 12.2
Density (ton/m3) 0.477

Table 3. The compounds and their proportions in SSA were determined by XRF analysis.

X-Ray Fluorescence Spectrometry (XRF) Results:

SiO2 Al2O3 Fe2O3 CaO P2O5 MgO Na2O loss of ignition
31.651% 7.965% 9.718% 22.973% 10.21% 3.497% 2.213% 3.53%

The chemical composition of municipal solid waste bottom ash includes 22.97% CaO
and a total of 49.33% of SiO2-Al2O3-Fe2O3 components. When the proportions are ex-
amined, it is observed that the CaO content meets the standard, while the total of the
other components does not fully meet the 50% requirement, but is close to the threshold.
Additionally, the SO3 and loss on ignition (LOI) values were found to be low, as required by
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the standard [68]. In the literature, it has been stated that waste sludge bottom ash contains
larger particles compared to fly ash, which leads to lower compressive strength [13]. In this
study, to eliminate the disadvantage of large particles, material sieved through a 0.075 mm
sieve was obtained from the municipality (Figure 6).

Figure 6. SSA and CCS used in the studies.

2.4. Calcium Caride Sludge (CCS)

The carbide sludge used in this study was obtained from the Linde Gas Inc. facil-
ity, which operates in the Başkent Organized Industrial Zone located in Sincan, Ankara,
Türkiye. The fully water-saturated carbide sludge was first dried at 105 ◦C for 24 h in the
Yalova University Laboratory, then ground and sieved through a 0.075 mm sieve before
use (Figure 6). The XRF analysis results of the carbide sludge are presented in Table 4.
Compounds with a content of less than 1% are not included in the Table 4. Upon examining
Table 4, it is observed that the CaO content is quite high (88.19%). However, the literature
indicates that the calcium-containing compound with binding properties is Ca(OH)2. Dur-
ing the XRF test, at 550 ◦C, H2O is released from the Ca(OH)2 composition as a gas, leaving
behind CaO, which is why CaO appears in the results [28].

Table 4. The compounds and their proportions in CCS were determined by XRF analysis.

X-Ray Fluorescence Spectrometry (XRF) Results:

CaO SiO2 Al2O3 Fe2O3 SO3 MgO SrO loss of ignition
88.19% 2.583% 1.611% 0.4147% 0.8416% 3.356% 0.028% 2.85%

In this study, the use of a mixture of waste materials, RCA, CCS and SSA, along with
BA as a plantmix base material in highways was investigated. To ensure resistance to
repeated traffic loads, natural aggregate was used as coarse aggregate (19 mm–0.475 mm),
while the mixture of RCA, CCS, and SSA was designed to serve as fine aggregate (below
2 mm–0.075 mm). This fine aggregate mixture was intended to fill the voids between coarse
aggregates, provide structural support, and enhance strength over time by forming cal-
cium silicate hydrate (C-S-H) bonds. Additionally, it was designed to reduce permeability,
prevent the development of excessive pore water pressure, delay thermal cracking, and
improve durability. Due to the necessity of mixing four different materials in specific
ratios, the plantmix base design was chosen, as it was considered to facilitate easier field
application. The study was conducted following the standards outlined in the Highway
Technical Specifications (KTŞ) issued by the General Directorate of Highways of the Re-
public of Türkiye [57]. In Figure 7, the granulometric curve presents the limits, tolerances,
and mixture gradation lines for the plantmix base. The black line in the curve represents
the gradation prepared for CBR tests and repeated plate loading tests. According to the
Highway Technical Specifications (KTŞ), in the largest diameter part of the curve, it is
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desired to use aggregates passing through a 25 mm sieve for the plantmix foundation.
However, since the use of 25 mm particles is not recommended in CBR tests, the 25 mm
sieve was excluded from the granulometric curve for the entire study [69].
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Figure 7. Granulometric curve of the plantmix foundation used in CBR tests.

The experimental study consists of several stages. Accordingly, compaction tests were
first carried out, and optimum moisture content and dry unit weight data required for
different tests were obtained. In the second stage, CBR tests were carried out. At this
stage, RCA was mixed with BA in specific ratios without any additives. This allowed
for the determination of the RCA content level at which the CBR limit set by KTŞ would
be exceeded. Subsequently, unconfined compression tests were conducted to examine
the optimal SSA and CCS mixture ratios and curing periods that provide the highest
compressive strength. In the next step, a second round of CBR tests was performed, in
which SSA and CCS were added to RCA as stabilizing materials. In the final stage, the
optimal mixture determined from previous tests was subjected to a cyclic plate loading
test [70].

2.5. Compaction Tests for Experiments

In the experimental study, Proctor tests were conducted according to ASTM standards
to determine the optimum moisture content and dry unit weight of the mixtures [71,72].
According to Table 8.13 in the Soil and Stabilization Laboratory Handbook published by
the General Directorate of Highways in 2021, when looking at the aggregate diameters and
ratios, it has been determined that CBR and cyclic plate loading tests should be performed
with a modified Proctor, and unconfined compression tests should be performed with a
standard Proctor. The samples were impacted with 2700 kJ/m3 of energy using the modified
Proctor method and with 600 kJ/m3 of energy using the standard Proctor test [69,73]. For
Proctor tests, the increase in water content in the mixture to be used in CBR tests rapidly
decreases the CBR values [74]. Therefore, in this study the optimum water content was
determined with precision.
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2.6. Stage 2: CBR Tests Applied Only to the BA and RCA Mixture

In this part of the study, RCA was added to BA in different ratios, and the soaked CBR
values were compared. Accordingly, the samples with RCA added at ratios of 0, 25, 35 and
45% compared to the total mass and without any additional additives, the details of which
are given in Table 5, were subjected to the CBR test after being kept in a water pool for
4 days (96 h) with at least 2.5 cm of water covering them without any curing. Percentage by
weight of the mixture was adjusted according to the sieve ranges and ratios given in Table 5.
In the CBR test, the sample was compressed in three layers, with 56 blows in each layer.

Table 5. Percentage by weight of the mixture obtained by adding RCA at different ratios.

Aggregate Source Basalt Aggregate (BA) (%) RCA (%)

Sieve Ranges 19–9.5 9.5–4.76 4.76–2 2–0.475 0.475–
0.075 Filler 4.76–2 2–0.475 0.75–

0.075 Filler

100% BA 29.348 16.304 16.304 16.304 15.217 6.523
75% BA + 25% RCA 29.348 16.304 16.304 13.043 0 0 0 3.262 15.217 6.522
65% BA + 35% RCA 29.348 16.304 16.304 3.043 0 0 0 13.262 15.217 6.522
55% BA + 45% RCA 29.348 16.304 9.348 0 0 0 6.957 16.304 15.217 6.522

As shown in Table 5, when more than 45% RCA was added, RCA would replace BA,
which was originally designed as coarse aggregate. Therefore, higher RCA ratios were not
tested. During the CBR tests, the results were obtained after applying the corrections speci-
fied in the Soil and Stabilization Laboratory Manual, published by the General Directorate
of Highways in 2021. Accordingly, standard weights were placed on top of the samples
to represent pavement layer, both while they were in the water pool and while they were
being tested. Accordingly, three standard 2.27 kg weights were used to represent the 20 cm
pavement thickness. Swelling readings were made on the samples but were not specified
separately since they were very small. When the resulting stress/penetration graph was
convex instead of concave, correction was made, and the experiment was repeated when
the result changed more than 1.25 mm horizontally. If the CBR result at a penetration
depth of 5.08 mm deviated by more than 10% from the CBR result at a penetration depth
of 2.54 mm, the test was repeated. In other cases, the higher CBR value was used. Finally,
at least two tests were conducted for each mixture type, and the average of the results
was taken. If the difference between the two test results exceeded 20%, a third test was
performed, and the average of the two closest CBR values was used [69].

2.7. Determination of the Optimal SSA/CCS Ratio and Curing Duration Using the Unconfined
Compression Test

Due to the large amount of material and labor required in CBR tests, it was decided
to use the unconfined compression test to determine the optimal binder ratio and curing
duration. Although there is no direct correlation between CBR and unconfined compression
strength in the literature, previous studies indicate that unconfined compression test results
can be used as a guideline [75,76]. On the other hand, since SSA and CCS will close the voids
with the bonds they form together, thus resulting in higher UCSS test results, unlimited
pressure tests were used to determine the ideal SSA/CCS ratio and curing time that will
form a strong bond between RCA, SSA, and CCS used as fine aggregate to determine the
best bonding ratio. The use of unconfined compression tests to determine weight mixture
ratios is a widely accepted method in the literature (Table 6) [56].
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Table 6. Percentage by weight of the mixture for the unconfined compression test.

Ratio of Basalt Aggregate, RCA
and Additive (CCS/SSA)

Basalt Aggregate (BA) (%) RCA (%) Additive (%)

4.76–2 2–0.475 0.475–0.075 Filler 2–0.475 0.475–0.075 Filler CCS SSA

%65 BA %35 RCA 16.25 16.25 16.25 16.25 11.66 11.66 11.68 0 0
%65 BA %35 RCA %10 ADD. 2/8 16.25 16.25 16.25 16.25 11.66 8.16 11.68 0.7 2.8
%65 BA %35 RCA %10 ADD 3/7 16.25 16.25 16.25 16.25 11.66 8.16 11.68 1.05 2.45
%65 BA %35 RCA %10 ADD 4/6 16.25 16.25 16.25 16.25 11.66 8.16 11.68 1.4 2.1
%65 BA %35 RCA %20 ADD 2/8 16.25 16.25 16.25 16.25 8.16 8.16 11.68 1.4 5.6
%65 BA %35 RCA %20 ADD 3/7 16.25 16.25 16.25 16.25 8.16 8.16 11.68 2.1 4.9
%65 BA %35 RCA %20 ADD 4/6 16.25 16.25 16.25 16.25 8.16 8.16 11.68 2.8 4.2
%65 BA %35 RCA %30 ADD 2/8 16.25 16.25 16.25 16.25 6.42 6.42 11.66 2.1 8.4
%65 BA %35 RCA %30 ADD 3/7 16.25 16.25 16.25 16.25 6.42 6.42 11.66 3.15 7.35
%65 BA %35 RCA %30 ADD 4/6 16.25 16.25 16.25 16.25 6.42 6.42 11.66 4.2 6.3
Cont.Exper. %20 ADD %100 SSA 16.25 16.25 16.25 16.25 8.16 8.16 11.68 0 7.00

In the unconfined compression tests, based on the results obtained in Step 2, RCA was
added to the BA at a constant mass ratio of 35%. The SSA and CCS additives were adjusted
to 10%, 20%, and 30% of the RCA mass. The reason for not exceeding these levels is that
SSA and CCS act as fillers, and according to the Highway Technical Specifications (KTŞ)
as seen in the granulometric curve in Figure 7, the maximum allowable filler content is
around 10–12%. Since CCS and SSA mixtures require long curing times [25,29], the tests
were repeated at different curing durations: 0, 7, 14, and 28 days. The CCS/SSA ratio in the
mixture was set at 2/8, 3/7, and 4/6.

In the literature, similar studies using various ashes from different sources mixed
with carbide sludge have reported high compressive strength results at approximately
these proportions, where the ash content is higher and the carbide sludge content is
lower [5,11,16,17,56,77]. The variation in the optimal mixture ratios observed in different
studies is primarily due to differences in the materials used, their composition, and their
physical properties, as well as the presence of other materials in the mixture [29]. Addition-
ally, materials formed through combustion processes, such as fly ash, can exhibit changes
in composition even when sourced from the same provider at different times [78].

The samples prepared for the unconfined compression test had a diameter of 50 mm
and a height of 100 mm and were formed using a split mold. The compaction energy applied
was consistent with the standard Proctor test, based on volume ratio calculations (three
layers with a total of 19 blows). As indicated in the literature, the unconfined compression
tests were conducted using materials passing through a 4.76 mm sieve opening [56,69].
Based on this requirement, the mixture ratios were readjusted accordingly. The materials
were dry-mixed for five minutes, followed by an additional five minutes of mixing with
water. For each different mixture type, three specimens were prepared and tested, and the
average value was used for analysis. During the curing period, the specimens were stored
at 21 ◦C with over 95% relative humidity. Additionally, the samples were wrapped with
two layers of stretch film to maintain moisture levels. A loading rate of 1 mm/min was
applied during the tests (Figure 8).

2.8. CBR Tests of Waste-Enhanced RCA and BA Mixture

In this part of the study, SSA and CCS mixtures were used as filler material in the
samples subjected to CBR tests. The procedure applied in the CBR method of Stage 2 was
repeated in this stage, with the difference that before the soaking process, the CBR samples
were cured in a desiccator at a temperature of 21 ◦C and a humidity of at least 95%. Curing
before soaking is a method applied in the literature [5]. At this stage, the effect of SSA and
CCS additives in the mixtures was examined. Therefore, 35% RCA was added by total mass
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to the mixture. Instead of the filler part of this RCA material, binder was added at ratios of
10, 20 and 30% by mass of RCA. The ratio of the binder materials was kept constant, and
the CCS/SSA ratio was determined as 3/7 (based on the highest unconfined compressive
strength value obtained in Stage 2). The samples were cured for 7 and 14 days, then soaked
in water for 4 days before testing.

 

A B C 

Figure 8. Unconfined compression test study: (A) Prepared mixture materials. (B) Sample preparation
mold. (C) Curing cabinet and prepared samples.

2.9. Cyclic Plate Loading Tests

In the final part of the study, a cyclic plate loading test was conducted to verify the
obtained CBR values. In highway foundations, high resilient modulus (high strength)
values enable cost-effective pavement designs by allowing for more economical structural
designs [79]. This test is usually performed in accordance with internationally recog-
nized standards such as ASTM D1195/D1195M-21 and DIN 18134 [80,81]. However, these
standards are designed for field applications, and the data obtained from these tests are
generally used to estimate California Bearing Ratio (CBR) values using established empiri-
cal correlations. To ensure the validity of these estimates, laboratory-scale experiments are
also conducted using specially designed apparatus that simulates field loading conditions.
A significant number of studies have addressed this approach and examined its reliabil-
ity [82–90]. The mixture details for the plate loading test are provided in Table 7. In this
mixture, 35% of the total weight consists of RCA, and 30% of RCA by weight consists of
CCS/SSA mixture. CCS/SSA ratio was taken as 3/7. Approximately 400 kg of material
was used in the plate loading test. The material was placed in four layers of 100 kg each.
After each layer was placed, a compaction process was performed, ensuring that at least
95% of the modified Proctor density was achieved. Beneath the designed plantmix base,
there was a 25 cm thick subbase layer. After 14 days of curing, the cyclic loading test was
carried out. The material for the tests was prepared in the steps shown in Figure 9 below;
the materials were mixed for 10 min using a panmixer. Three straingauge (SG) plantmixes
were placed at half the height of the foundation. The SG in the middle was horizontal, and
the ones on the sides were placed vertically and horizontally. There was a load cell (LC) on
the loading piston. A pressure cell (PC) was placed just above the subbase, under the load.
For measuring vertical displacements, three potentiometric rulers (LVDT) were placed as
shown in the figure (Figure 10). One of the rulers was planned to determine the sinking
amount on the loading plate and the other two were planned to measure the swelling
amounts. Loading was performed with 35 kN cyclic loads. This load is approximately half
the axle equivalent of a loaded truck load measured in the field [91]. A circular plate with a
diameter of 30 cm was used as the loading plate. The experiment was stopped when the
displacement difference had similar values in 50 cycles. A summary of the experiments is
given in Table 8.
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Table 7. Percentage-by-weight mix ratios used in cyclic plate loading test.
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Figure 9. (A) Subbase; (B) RCA, SSA, and CCS used in each layer; (C) mixing processes.

Table 8. Summary of test program.

Reusing RCA by Enhancing It with Other Waste Materials (Treating Waste with Waste)
Experiment Purpose and Conditions Variables

Compaction Test
Finding Optimum Water Content and Dry
Unit Weight of RCA and BA mixture. (These
ratios were used in subsequent experiments.)

The Ratio of Basalt Aggregate and Recycled
Concrete Aggregates: %100 BA,
%75BA–%25RCA, %65BA–%35RCA,
%55BA–%45RCA

Soaked CBR

Determining the maximum RCA ratio
(without additives) permitted in the
specifications. (To be improved with waste
materials in subsequent experiments.)

The Ratio of Basalt Aggregate and Recycled
Concrete Aggregates: %100 BA,
%75BA–%25RCA, %65BA–%35RCA,
%55BA–%45RCA

UCS

Determining the ratio and participation
amounts of waste materials that produce the
best results when mixed together, with C-S-H
bonds filling the gaps.

There are three variables: curing time (0, 7, 14,
28 days), additive ratio (%10, 20, 30) and
additive content (CCS/SSA: 2/8, 3/7, 4/6).

Soaked CBR
Determining the CBR results of different
additive ratios (additives were used instead
of filler material in the RCA).

Cure Time and Additive Ratio (%10, 20 and 30)

Cyclic Plate
Loading Test

It has been used as a different experimental
method to verify CBR results.

%65 BA %35 Waste Materials (%24.5 RCA
%10.5 Additive (3/7 CCS/SSA))
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Figure 10. Setup for cyclic plate loading test.

3. Results and Discussion
In this study, a common solution developed to address two major disaster risks—

earthquakes and environmental pollution—was examined. The findings were presented
within the context of Yalova as a case study. Due to the presence of fertile plains, greenhouse
farming and floriculture are widely practiced in Yalova. In the event of the demolition of
approximately 6000 housing units classified as high-risk, the use of agricultural land for
debris storage would become inevitable. Another environmental pollution issue affecting
Yalova, a province on the shores of the Marmara Sea, is marine mucilage, which negatively
impacts marine life and emits an unpleasant odor. Sewage discharge plays a significant role
in mucilage formation, making solid waste incineration facilities a recommended solution.
These facilities generate ash waste (both bottom and fly ash) as a byproduct. Additionally,
Yalova is home to several shipyards where acetylene gas is used for welding purposes.
The production of this gas results in the formation of calcium carbide sludge, which is
another source of environmental pollution. This study proposes a design that utilizes these
three waste materials together to create a beneficial solution. The findings indicate that,
due to its structural properties, RCA can effectively serve as fine aggregate in the mixture.
Furthermore, the addition of pozzolanic SSA and binding CCS enhances its characteristics.
As a result, the study confirms that demolition waste from buildings can be repurposed as
a highway plantmix base. The key findings of the study are as follows.
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3.1. Compaction Test Results

Compaction tests were first applied to BA and RCA mixtures. Modified Proctor results
without other additives are given in Table 9.

Table 9. Results of modified Proctor tests on BA and RCA mixtures.

Mixture w (%) γdry (kN/m3)

100% BA 7.12 21.17
75% BA 25% RCA 8.09 20.47
65% BA 35% RCA 8.76 20.375
55% BA 45% RCA 9.06 19.82

The results indicate that virgin basalt aggregate has the highest dry unit weight and the
lowest optimum moisture content. This is expected due to the dense, non-porous structure
of basalt aggregate, which limits its water absorption capacity. In the literature, results
of modified Proctor tests conducted on basalt samples from six different regions indicate
that the optimum moisture content varies between 6% and 9%, while the dry unit weight
ranges from 21.8 to 23.1 kN/m3 [92]. The values obtained in this study are consistent with
the reported literature data. Furthermore, an analysis of the mixture results reveals that
as the RCA content increases, the optimum moisture content also increases, while the dry
unit weight decreases. This can be attributed to the porous nature of RCA, which leads to
higher water absorption and a reduction in dry unit weight. Similar findings have been
reported in the literature for recycled concrete aggregate mixtures [1,12,13,93]. Both SSA
and CCS added to the mixture had low density and high water retention capacity. As a
result, they increased the optimum moisture content while reducing the dry unit weight. In
the mixtures used for the UCS test, the dry unit weight ranged from 12.84 to 13.28 kN/m3,
while the optimum moisture content ranged from 14.01% to 14.83% (Table 10). These
results are as expected and are due to the porous structure of SSA and the water-retaining
properties of CCS. The lower density of both additives compared to both BA and RCA also
contributed to the reduction in dry unit weight.

Table 10. Results of standard Proctor tests on additive and RCA mixtures.

Mixture w (%) γdry (kN/m3)

20% Additive (2/8 CCS/SSA) 14.01 13.28
30% Additive (2/8 CCS/SSA) 14.83 12.84

20% Additive (100% SSA) 14.23 13.44

3.2. CBR Results of BA and RCA Mixtures

The samples prepared by mixing basalt aggregate with RCA at ratios of 0, 25, 35 and
45% were subjected to soaked CBR tests and the results shown in Figure 11 were obtained.

When the results are examined, it is seen that the sample consisting of 100% basalt
aggregate has a CBR of 187%, and this value is in accordance with the literature informa-
tion [92]. When 25% RCA was added, the CBR value decreased to 182%, and the sample
consisting of 100% BA was close to the CBR result. When the RCA content was 35%, the
CBR value was 113%, which did not fully meet the 120% CBR requirement specified for
plantmix bases in KTŞ but was close to the target value. This suggests that further enhance-
ment efforts could potentially increase the CBR value beyond 120%. On the other hand,
when the RCA content increased to 45%, the average CBR value dropped significantly to
57%. This 57% value represents the average of three different test results conducted on the
mixture. Some inconsistent results were observed in the CBR tests. Among the three tests
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conducted, CBR values of 18%, 65%, and 49% were recorded. The 18% value was excluded
from the average calculation due to its significant deviation. The reason for the difference in
value occurring over 3.5 times is that too much RCA was used and, as can be seen in Table 5,
coarser material passing through a sieve with a 4.76 mm opening was used so that the
gradation curve given in Figure 7 did not change. The replacement of BA with coarser RCA
particles resulted in irregular fractures between the cement paste and aggregate, leading to
localized weaknesses in areas where these fractures aligned with the CBR piston, ultimately
reducing the measured CBR values. Recycled concrete aggregate (RCA) has low strength
values, high water absorption capacity, and high porosity, so its properties are improved
with cement, lime, or fly ash [13,16,18]. Due to these findings, it was concluded that using
45% RCA could not be improved even with further modifications. As a result, mixtures
containing 45% RCA were excluded from subsequent stages of the experiments.
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80%
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160%

200%
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75 BA
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25 RCA
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Figure 11. CBR test results applied to RCA and BA mixtures.

3.3. Unconfined Compression Test Results

The results of the unconfined compression test conducted to find the appropriate
ratio between SSA/CCS mixtures and to examine the effect of the curing time are given in
Table 11 and Figure 12 below.

Table 11. Unconfined compression test results (kPa).

Mixture Ratios 0 Day 7 Day 14 Day 28 Day

65BA% 35RCA% 0% admixture (kPa) 26.80
10% admixture CCS/SSA: 2/8 (kPa) 78.60 81.35 72.65 98.27
10% admixture CCS/SSA: 3/7 (kPa) 84.15 78.80 83.38 138.78
10% admixture CCS/SSA: 4/6 (kPa) 107.16 114.22 127.24 143.39
20% admixture CCS/SSA: 2/8 (kPa) 125.08 180.18 198.79 245.52
20% admixture CCS/SSA: 3/7 (kPa) 113.17 245.37 397.06 405.02
20% admixture CCS/SSA: 4/6 (kPa) 144.79 327.59 484.23 556.90
30% admixture CCS/SSA: 2/8 (kPa) 107.15 345.46 603.36 705.21
30% admixture CCS/SSA: 3/7 (kPa) 123.10 243.01 640.29 771.32
30% admixture CCS/SSA: 4/6 (kPa) 102.31 262.07 625.40 666.49

Cont.Exper. %20 ADD %100 SSA 75.25 84.43 88.45 90.69
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Figure 12. Unconfined compressive strength (UCS) results.

The analysis of the UCS test results reveals that the sample without any additives
exhibited a compressive strength of 26.80 kPa. However, samples containing SSA and
CCS demonstrated at least 2.71 times higher compressive strength, confirming the positive
impact of these additives. This improvement became more pronounced as the binder
content and curing duration increased. The highest UCS value was recorded in 28 days
of curing at 30% binder ratio and reached a value 28.7 times (771.32 kPa) higher than the
sample with no binder added. When examining the CCS/SSA ratio, the most significant
strength improvements were observed at 3:7 during both 14-day and 28-day curing periods.
Based on these findings, the optimal combination for achieving high strength values in
UCS tests involves 30% binder content, CCS/SSA ratio of 3:7, and minimum curing period
of 14 days. These results align with findings in the literature, which indicate that calcium-
based binders and fly ash-containing materials require at least 14 days of curing to form
sufficient bonding [13,17,25,27,29]. The results confirm each other with the microstructural
results in the literature. In microstructure investigations reported in the literature, it has
been noted that when a high amount of CCS is used, unreacted Ca(OH)2 crystals are
frequently observed; these crystals are in the form of hexagonal plates and cause the
structure to become more porous and voided [94,95]. On the other hand, when CCS is used
together with silica-rich materials (such as fly ash or sewage bottom ash), it undergoes
pozzolanic reactions and forms C–S–H bonds. The two materials complement each other
by filling the voids and creating a higher-strength structure. This has also been confirmed
in XRD and SEM results, where a denser structure with reduced voids was observed [36].
In another microstructure study from the literature, SSA and CCS were used together,
and gypsum was also added to enhance the reaction. The results showed that more
hydration products were formed in microstructural analyses, and a geopolymer with a
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high compressive strength of about 53 MPa was obtained. In this case, ettringites formed
due to the presence of gypsum, and these ettringites contributed to filling micro-voids;
however, it was emphasized that to achieve such values, the CCS and activator ratios must
be examined very carefully [96]. Similarly to the present study, in a publication where RCA
was examined with the addition of para-wood ash, the following microstructural findings
were reported: SEM analyses revealed a less porous structure; EDX analyses highlighted
the importance of the ratio of silicon and calcium sources, with the added ash enabling
more effective utilization of these sources. As a result, the ash used enhanced pozzolanic
reactions, filled micro-pores, and provided a more homogeneous microstructure. It was also
found to contribute to the denser formation of C–S–H and other hydration products [97].

3.4. CBR Test Results of Waste-Enhanced RCA and BA Mixture

In the tests conducted with 35% RCA without any additional additives, the samples
did not fully meet the 120% CBR requirement specified in the KTŞ standards but achieved
a close value of 113%. Subsequently, SSA and CCS were added to the BA and RCA mixture,
and the samples underwent 7- and 14-day curing, followed by 4 days of soaking. The
results obtained from these tests are presented in Figure 13. This analysis allowed for the
evaluation of the impact of SSA and CCS on CBR values, demonstrating their effectiveness
in enhancing the mixture’s performance.
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Figure 13. Soaked CBR results for SSA- and CCS-enhanced mixtures (mean ± SD, n = 2).

The results indicate that all modified samples met the KTŞ requirements after 7 and
14 days of curing, with values at least twice as high as the required limits. Additionally,
in parallel with the UCS test findings, the optimal result was achieved with 30% additive
content and a 3:7 SSA/CCS ratio at 14 days of curing. Furthermore, it was observed
that increased additive content led to higher CBR values at 14 days. According to the
literature, materials such as SSA and CCS contribute to filling voids through pozzolanic
slurry, enhancing the strength and durability of the mixture [97]. This explains the observed
increase in CBR values after the curing period in all samples. The pozzolanic reaction
products fill the pores and reduce permeability, improving load distribution and stiffness.

3.5. Cyclic Plate Loading Test Results

Upon analyzing the cyclic plate loading test results, the load duration vs. displacement
graph is presented in Figure 14.
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Figure 14. Recoverable displacement (δr) is evaluated as the rebound within a loading–unloading
cycle, while permanent deformation corresponds to the residual settlement after unloading.

Figure 14 presents the displacement history recorded during the cyclic plate loading
test. In cyclic loading, the total vertical displacement can be decomposed into a recoverable
(elastic) component and a permanent (plastic) component. Here, the recoverable displace-
ment, δr, is taken as the rebound within each cycle (difference between peak displacement
at maximum load and the displacement after unloading), whereas the permanent defor-
mation corresponds to the residual settlement accumulated after unloading [82,83]. As
observed in Figure 14, the recoverable displacement remained approximately constant
(δr ≈ 2.5 mm), and the incremental permanent deformation became negligible towards the
end of the test, indicating a stabilized response under the applied loading level.

To provide an engineering-relevant stiffness indicator commonly derived from plate
tests, an equivalent modulus of subgrade reaction (surface stiffness) was estimated as the
ratio of the mean contact stress under the plate to the recoverable displacement. Using a
30 cm diameter rigid plate and a peak load of 35 kN, the mean contact stress is approxi-
mately 0.50 MPa, resulting in an equivalent stiffness on the order of 0.20 GN/m3 based on
δr ≈ 2.5 mm. This value is reported as an indicative stiffness parameter derived from the
applied loading level and rebound displacement [84,85].

The tensile and compressive strain readings recorded in the base layer (εt ≈ 60 × 10−6

and εc ≈ 110 × 10−6) are lower than some values reported in the literature for different
pavement configurations and loading conditions (Figure 15). However, because plate
diameter, applied stress level, layer system (e.g., asphalt presence), boundary conditions,
and instrumentation differ between studies, the comparison is considered qualitative and
is provided only for order-of-magnitude context [84,85]. There are numerous studies in the
literature related to this topic. When comparing the strain values found in the literature
with the strain values of the plantmix base designed in this study, it is evident that the
strain values in this study are significantly lower. This indicates that in pavement design,
both failure resistance and rutting performance will allow for a significantly higher number
of load repetitions [86–88,91].

https://doi.org/10.3390/app16021089

https://doi.org/10.3390/app16021089


Appl. Sci. 2026, 16, 1089 21 of 26

 

−100

−80

−60

−40

−20

0

20

40

60

80

100

0 100 200 300 400 500 600 700 800ε
(1

0−
6 )

SG1 SG3

Figure 15. Strain value–cyclic load graph.

4. Conclusions
In this study, recycled concrete aggregate (RCA) was used both as a fine aggregate

and in combination with other waste-based additives to enhance its performance. All
modified samples achieved at least double the CBR values compared to untreated ones,
demonstrating the effectiveness of the proposed mixture design. The results identified
an optimal RCA content of 35% by weight, as higher ratios caused inconsistencies in
CBR performance.

Unconfined compressive strength (UCS) tests showed that a 3:7 ratio of calcium carbide
sludge (CCS) to sewage sludge ash (SSA) produced the highest strength. SSA played a key
role in accelerating pozzolanic reactions, and the 3:7 ratio provided a balanced chemical
environment that enhanced pore filling and the formation of additional binding gels. These
synergistic effects explain the superior UCS and CBR values observed in this mixture.

UCS testing also proved to be a practical method for optimizing mixture design.
When CBR tests were later performed on samples prepared according to UCS-based ratios,
consistently high CBR values were obtained. Therefore, UCS testing can serve as a reliable
preliminary screening tool to minimize the need for resource-intensive CBR testing.

The plantmix base prepared with 35% RCA, enhanced with CCS and SSA, achieved an
outstanding CBR value of approximately 315%. Under a 35 kN cyclic plate loading test, only
a 2.5 mm recoverable displacement and a vertical compressive strain of 110 × 10−6 were
observed, confirming the mixture’s superior load-bearing capacity and its suitability for
high-fatigue, rut-resistant pavement structures. However, the cyclic plate loading program
employed a limited number of cycles and a stabilization-based stopping criterion (constant
displacement difference over 50 cycles). Accordingly, the reported cyclic response should be
interpreted as an initial verification of deformation and strain stabilization. Further work is
recommended to evaluate long-term fatigue and rutting performance using a substantially
larger number of cycles and representative load spectra.

From an economic perspective, the construction sector consumes 40% of global energy
and generates 50% of total waste, making waste reuse essential. Based on 2024 cost data
from the Turkish General Directorate of Highways, aggregate procurement and transporta-
tion account for over 93% of the total cost of road base construction. Using 35% RCA
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significantly reduces aggregate-related expenses, while sourcing RCA from urban demoli-
tion sites shortens transportation distances and minimizes costs. Additionally, the reuse
of RCA, CCS, and SSA mitigates waste storage issues, offering a more sustainable and
cost-effective alternative for infrastructure development. Studies in the literature indicate
that aggregate production costs are approximately 20% for drilling and blasting, 45% for
crushing and screening, and 35% for loading and transportation. Even considering these
costs, it is clear that RCA use would result in at least 50% lower costs [98].

The findings are particularly applicable to Yalova Province, where extensive urban
transformation is underway and over 6000 high-risk buildings have been identified. The
region’s valuable agricultural land, limited local stone resources, and high transportation
costs make the proposed mixture design highly advantageous. Furthermore, incorporating
local industrial by-products—such as CCS waste from shipyards—reduces environmental
pressures while supporting a circular economy approach.

The proposed mixture design aligns closely with the United Nations Sustainable De-
velopment Goals (SDGs). It promotes sustainable urban transformation (SDG 11), reduces
dependence on natural aggregates and supports circular resource use (SDG 12), lowers car-
bon emissions by substituting cement and lime with industrial by-products (SDG 13), and
introduces innovative infrastructure solutions (SDG 9) by converting waste into valuable
construction materials.

Finally, the mechanical assessment in this study is based on compaction characteristics,
soaked CBR, UCS, and a small-scale cyclic plate loading verification. While CBR is widely
used as an index test to evaluate the potential strength of subgrade/subbase/base materials,
mechanistic–empirical pavement design frameworks typically require resilient modulus
(Mr) and permanent deformation parameters for unbound layers. Therefore, future work
should include resilient modulus testing and long-term rutting/permanent deformation
evaluation under representative stress states and load repetitions. Another limitation
is that inferential statistical analyses (e.g., ANOVA or nonparametric equivalents) were
not performed, primarily because a limited number of laboratory tests were conducted
with a limited number of repetitions due to material and labor intensity. Consequently,
the differences observed between mixtures were discussed in comparison with results
in the literature; future studies should perform the new experiments mentioned above,
increase the number of repetitions to statistically validate mixture differences, and report
appropriate inferential statistics (p-values and/or confidence intervals). In addition, the
sustainability discussion in this paper is qualitative and focuses on waste diversion and
reduced virgin aggregate demand; a full life cycle assessment conducted in accordance
with ISO 14040/14044 is recommended to quantify environmental impacts.
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