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Abstract

Debris from building and demolition projects, as well as the shortage of natural resources, have become more pressing
issues on a global scale in recent times. Even though concrete, the utmost adaptable building material, is a vital factor in
the development of the infrastructural and industrial sectors, it has been claimed that it is not an environmentally friendly
material due to its potential for profound environmental influence beyond its use and critical resource-consumption nature.
Nevertheless, it will continue to be the dominant building material utilized globally. The present research aims to
investigate the synergistic effects of the treatment of recycled concrete aggregate (RCA) by hydrochloric acid (HCI) and
the replacement of cement by silica fume (SF) on the mechanical properties of produced concrete. Four groups of concrete
mixes were prepared: (1) untreated recycled concrete aggregate (URCA), (2) HCl-treated recycled concrete aggregate
(TRCA), (3) URCA with SF replacement, and (4) TRCA with SF replacement. The HCI treatment was applied at four
molarities (0.2M, 0.4M, 0.6M, and 0.8M), while SF was used to replace cement by weight at four ratios (5%, 10%, 15%,
and 20%). The results were evaluated in terms of the 7, 14, and 28-day compressive strength. The findings indicated that
TRCA mixes significantly outperformed URCA mixes in terms of the mechanical properties, namely the 28-day
compressive strength, in which the optimal mix was that with 100% TRCA by 0.4M HCI combined with 5% SF
replacement. The results also demonstrated that 0.6M HCI treatment significantly enhanced the quality of RCA by
removing weakly adhered mortar, leading to a nearly 21% rise in the 28-day compressive strength compared to URCA
with complete replacement. Indeed, adding further SF enhanced the performance, as using 75% of TRCA+10%
SF achieved the highest compressive strength of 38.7 MPa at 28 days, equalling around 25% improvement over the URCA
with the same replacing level.

Keywords: HCL; Molarity; Silica Fume; Untreated Recycled Coarse Aggregate; Treated Recycled Coarse Aggregate.

1. Introduction

Today, the building industry follows a significant global development problem, which is one of the most sustainable
development principles [1]. The advancement in manufacturing technology of concrete necessitates using superior raw
material sources, particularly aggregates [2]. The ever-increasing scarcity of energy and resources and the new
environmental regulations for environmental preservation make it challenging to address this problem. Thus, the now
objective is to fully utilize trash deposits from various industries and low-quality raw materials [3]. Similarly, the
demand for building materials is increasing worldwide, accelerating the consumption and loss of energy and raw
materials. This has become a worldwide issue, compelling researchers to find a substitute substance to safeguard the
environment and natural resources [3, 4]. The aforementioned issue could be primarily resolved by recycling and
utilizing construction and demolition wastes and employing alternative mineral admixtures in concrete to reduce the
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amount of aggregates and cement used [5]. Applications of wastes, as well as various mineral admixtures, such as
recycled concrete aggregate (RCA) as well as fly ash, rice husk, metakaolin, and ground granulated blast furnace slag,
that are derived from industrial wastes, have been tested worldwide in various applications with different blends [5, 6].

It was known from past publications that using RCA exhibits a reduction in strength by nearly 40% compared to
control concrete. Indeed, such use could also significantly impact the workability, bonding, and durability properties
[7]. According to the guidance for demolition and re-use of concrete and masonry RILEM TC 121-DRG (1994)
statement, "replacing recycled materials for all classes of concrete strength was limited to just twenty percent. The
presence of glued mortar and slack particles on RCA was the leading cause of their unfavorable outcomes. If the water
absorption of aggregate is higher than 5%, utilizing RCA in a saturated surface dry condition or adding more water to
the concrete improves the characteristics of fresh concrete [6-9]. Several earlier studies concluded that surface treatment
techniques like surface impregnation and acid pre-soaking methods could effectively reduce the RCA's subpar
performance. According to Tam et al. [10], the pre-soaking of RCA in an acidic environment such as hydrochloric acid
(HCI) altered the surface of RCA by removing a large amount of the previously adhered mortar and enhancing RCA’s
properties [10-12].

Purushothaman et al. [11] stated that the quality of RCA treated with HCI was comparable to that of natural
aggregate, and the pre-soaking treatment approach by HCI acid was more efficient than that carried out by H.SO4 acid
in removing the adhered mortar. Additionally, they stated that RCA treated with HCI of low molarity (under 0.5M)
produced superior characteristic strength compared to high-molarity acid-treated concrete. Kaushik and Bhan
investigated in their paper on enhancing recycled concrete aggregates (RCA) through acidic treatments, specifically
hydrochloric acid (HCI) and sulfuric acid (H2SO.4), to enhance the hardened properties and durability of the produced
concrete [13]. Forero et al. stated that HCI treatment effectively removes contaminants, such as adhered mortar,
adversely affecting aggregate performance [14]. The HCI treatment effectively removed the adhered mortar from RCA,
which is crucial for improving the aggregate's quality. Allal et al. stated that such treatment reduced water absorption
and enhanced the concrete's mechanical properties, leading to better durability and performance [15]. Yan et al.
investigated physical, chemical, and microbial strengthening methods for recycled aggregates, analyzing their effects
on the concrete's mechanical and microstructural properties. They highlight improvements in durability and
performance, providing insights for future research and technical standards [16]. While treated RCA can improve
concrete properties, the inherent challenges of RCA, such as the quality of attached mortar, can still limit performance.
Regarding the treatment technique by surface impregnation, Saravanakumar and Dhinakaran [17] compared the
properties of concrete made with RCA treated with calcium metasilicate solution and those treated with nano silica.
They found that the concrete treated with the former of 10% concentration had superior strength characteristics
compared to those treated with the latter. Thus, ongoing research is essential to optimize treatment methods and fully
realize the potential of recycled aggregates in sustainable construction [18, 19].

Moreover, several literature reviews stated that using mineral admixtures such as silica fume (SF) in concrete
increased its durability. Allal et al. stated that incorporating SF in concrete mixes has significantly improved compressive
and tensile strengths, with values reaching 43.5 MPa and 3.87 MPa, respectively [15]. It acts as a micro-filler, improving
the bond between cement paste and aggregates, resulting in a denser microstructure and enhanced 1TZ [20]. Indeed, the
inclusion of SF can reduce the porosity of the ITZ by up to 44.22%, leading to a more compact structure [21]. Studies
also showed that adding 10% SF can reduce water permeability by 87%, indicating a significant improvement in
durability [22]. Moreover, SF contributes to the formation of calcium silicate hydrate (C—S—H), which enhances the
binding of unreacted portlandite, further improving the microstructure [23]. The presence of SF has been linked to lower
chloride ion penetration, which is critical for structures exposed to aggressive environments [22]. While SF offers
substantial benefits, balancing its use with other admixtures is essential to avoid potential issues such as increased
brittleness or cost implications in large-scale applications. It has been stated that the combined use of treated aggregates
with SF achieved mechanical properties comparable to conventional concrete at replacement levels up to 50% [14, 24].
Indeed, the dual approach significantly improved acid resistance and reduced water absorption, making RCA more
durable in aggressive conditions [13, 25-28]. Balasubramani and Palaniappan examined the influence of acids and
slurries on RCA, primarily aiming to improve their quality by removing or strengthening the weakly adhered mortar.
The results showed that such processes have enhanced RCA's physical and mechanical properties, making it more
suitable for construction applications [29]. In addition, a great deal of previous research revealed that various suggested
treatment approaches for RCA promote sustainable construction by reducing landfill waste and conserving natural
resources [16, 30-33]. Despite these advancements, limited recycled aggregate replacement up to 50% has been
suggested for optimal performance [14, 34-37]. Moreover, the dual use of SF and treatments did not perform,
necessitating a need between performance improvements and economic feasibility.

This research aims to comprehensively evaluate the synergistic effects of HCI treatment and SF addition on the
properties of concrete incorporating RCA. This was achieved by detailing the methodology and the procedures for HCI
treatment of RCA, the mix design of concrete incorporating such treated aggregate and silica fume (SF), and the
experimental techniques for assessing mechanical properties. It attempts to investigate the properties of concrete
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produced using RCA treated with HCL with various molarities and including silica fume (SF) at various cement
replacement levels. The findings of the experimental study will be presented, focusing on the impact of such an approach
on compressive strength, in addition to a thorough discussion of the findings, analyzing the underlying mechanisms
responsible for the observed improvements, and comparing the results with existing literature. The conclusions will
summarize the key findings, highlight the potential applications of this dual approach in sustainable concrete production,
and suggest directions for future research. A comparison of the results of concrete properties produced with untreated
RCA was also conducted.

2. Experimental Program

2.1. Materials
2.1.1. Cement

In the experimental work of this research, ordinary Portland cement (type I) was utilized, known locally (Aljisir).
Karbala Cement Factory, Iraq, makes this kind of cement. It was kept in airtight plastic containers to prevent exposure
to humid air conditioning and preserve consistent quality. The cement properties conformed to the ASTM C109-07

specification limits [38].

2.1.2. Fine Aggregate (Sand)

Natural sand from the Al-UKhaider region was used in this research as a fine aggregate with a maximum granule
size of 4.75 mm. The grading of the sand confirmed the requirements of ASTM C33 [39], as shown in Figure 1-a.
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Figure 1. (a) Grading curve of fine aggregate, (b) Coarse natural and recycled aggregate
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2.1.3. Coarse Aggregate (Gravel)

A locally available coarse aggregate with a maximum particle size of no larger than 14 mm was used. After being
cleaned of dust using tap water, it was allowed to be in its saturated surface dry condition before use. The grading of the
coarse aggregate confirmed the requirements of ASTM C33 [39].

2.1.4. Recycled Concrete Aggregate (RCA)

According to the mix design and study parameters, waste concrete from demolishing old structures that had a density
of 2.35-2.45 gm/cm® and water absorption of 5.25% was utilized as recycled concrete aggregate (RCA) at four different
rates in place of the natural coarse aggregate (NCA), and it was graded to be similar to NCA. The grading of recycled
concrete aggregate confirmed the requirements of ASTM C33 [39], as shown in Figure 1-b.

2.1.5. Silica Fume

Megaadd MS (D) UAE was the silica fume type employed in preparing all mixes [40]. This extremely fine
pozzolanic material from amorphous silica was usually made as a side product in electric furnaces. It was sometimes
referred to as condensed silica fume or micro silica. The findings indicate an agreement with the ASTM C1240 [41].
This investigation used silica fume instead of cement as a weight replacement. The sort of silica fume that will be
used is depicted in Figure 2.

=

Figure 2. Sample of silica fume (SF)

2.1.6. Hydrochloric Acid (HCL)

Hydrochloric acid (HCL) could be defined as an aqueous solution of hydrogen chloride, sometimes called
muriatic acid or spirits of salt. It is a colorless solution that smells strong and is under the strong acids class (the
properties are shown in Table 1). RCA was immersed for 24-hour in four distinct molarities of HCL (0.2M, 0.4M,
0.6M, and 0.8M) at room temperature (23°C to 28°C), as shown in Figure 3. The current treatment protocol by HCL
used in this study was based on Tam et al.'s methodology [11]. The pre-soaked RCA was washed thoroughly using
tap water, dried in the sun for a day, and sieved. The loose mortars and acidic solutions were eliminated throughout
this procedure.

Table 1. Properties of hydrochloric acid

Product Name Hydrochloric acid
Grade LR
Vapor density 1.3 (vs air)
Vapor pressure 2.23- 7.93 Psi
Product line VETEC
Form Liquid
Concentration 35-38%
PH <1.0
Density 1.070 g/cm®
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Figure 3. Pre-soaking treatment procedure for RCA

2.1.7. Water

Drinking tap water from the water supply project was used for the mixing and curing processes.

2.2. Preparation of Concrete Mixes

In order to achieve a 35 MPa 28-day compressive strength concrete, a mix was designed according to the British
design approach BS 5328 part 2: 1991 specifications [42]. The concrete mix was made using the following weight-based
proportions: 1 (cement), 1.5 (fine aggregate), and 2.8 (coarse aggregate), with a maximum aggregate size of 14 mm and
a water/cement ratio of 0.38. According to ASTM C143-2012 [43], a standard range of workable slumps of 80 -100 mm
was utilized in this investigation. In order to prevent water absorption by RCA during the mixing and hardening
processes, saturated surface dry aggregates were used in the preparation of all mixes. There were four different mix
groups: Mix 1 had no SF and treatment by HCL, Mix 2 had SF and had no treatment by HCL, Mix 3 had no SF and had
treatment by HCL, and Mix 4 had SF and had treatment by HCL. The percentages of RCA substitution were 25%, 50%,
75%, and 100%, while the percentages of SF replacement were 5%, 10%, 15%, and 20%. Furthermore, RCA was treated
using hydrochloric acid (HCI) in four molarities (0.2M, 0.4M, 0.6M, and 0.8M) before being used instead of NCA
aggregate. The details of the mix proportion before using SF and treated RCA with HCL are shown in Table 2.

Table 2. Mix proportion of concrete mix (kg/m?)

Mix Cement Fine Agg. Coarse Agg. WI/Cratio (%) Target Strength of Compression (MPa)
NC 400 728 1090 0.38 35

3. Results and Discussion
3.1. Compressive Strength of Mixes with Untreated Recycled Aggregate Concrete (URCA)

One purpose of this study is to determine how the compressive strength of normal concrete (NC) is affected when
recycled concrete aggregate (RCA) is utilized in place of natural coarse aggregate (NCA). Four different ratios of RCA
(25%, 50%, 75%, and 100%) were used to replace the NCA in the creation of the NC mixes using a constant water-
cement ratio (w/c) of 0.38 in addition to a control mix with 0% of RCA for comparison. The values of the compressive
strength of all mixes at different curing ages of 7, 14, and 28 days are given in Table 3 and shown in Figure 4. It can be
revealed from the testing results that using RCA in place of NCA significantly reduced the concrete's compressive
strength. In other words, the direct use of RCA achieved concrete with lower compressive strength by 8.5%, 10.7%,
12.4%, and 15% for the replacement percentages of 25%, 50%, 75%, and 100%, respectively, at 28 days of age compared
to the control concrete (0% replacement level). Numerous previous research reported a similar pattern, with the existing
mortar in the RCA being the reason for the declining strength [44]. Moreover, the given decline in the compressive
concrete strength when using RCA instead of NCA at various replacement levels could be owing to the lesser quality of
RCA as it frequently contains adhered mortar from its original concrete that can be more porous and weaker than NCA.
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This can lead to a weaker bond between the aggregate and the new cement paste, lowering the overall compressive
strength. Indeed, RCA can absorb higher amounts of water than NCA, resulting in higher water absorption, which can
affect the ratio of water to cement in the mix, potentially leading to a weaker hardened structure. Moreover, RCA
particles can have higher porosity due to their inherited old cracks and voids in the adhered mortar, which causes a
reduction in strength.

Table 3. Compressive strength of mixes with untreated recycled aggregate concrete (URCA) at various
replacement levels and curing ages

RAC % 7 days 14 days 28 days
0 22.7 26.9 345
25 19.2 24.7 31.6
50 18.7 239 30.8
75 171 226 30.2
100 16.4 215 29.3
40 -
35 | m7days ml14days © 28days
$ 30 A
=
S 25 4
(=2
&
» 20
(5]
=
§ 15 4
o
£
8 10 -
5 m
0 T T T T )
0% 25% 50% 75% 100%
RCA Replacment Level, %

Figure 4. Compressive strength of mixes with untreated recycled aggregate concrete (URCA) at various replacement levels
and curing ages

3.2. Compressive Strength of Mixes with Untreated Recycled Aggregate Concrete (URCA) Incorporating Silica
Fume (SF)

Table 4 and Figures 5-a to 5-c present the compressive strength of all concrete mixes after 7, 14, and 28 days,
highlighting variations in strength due to different percentages of untreated recycled coarse aggregates (URCA) and
silica fume (SF) used as partial cement replacements by weight. As shown in Figure 5, regardless of the SF content, the
compressive strength of concrete mixes without SF decreases progressively with increasing URCA content.

The control mix—containing neither RCA nor SF—achieved a 7-day compressive strength of 22.7 MPa. For mixes
without RCA but with 5%, 10%, and 15% SF replacing cement, the compressive strengths were 23.1 MPa, 23.9 MPa,
and 23.3 MPa, respectively, corresponding to increases of 1.7%, 5.3%, and 2.6%. However, a 20% cement replacement
with SF led to a 2.6% decrease in strength for the same mix type.

All mixes showed strength gains as curing progressed due to ongoing hydration reactions, exhibiting consistent
strength development patterns across curing ages. An exception was observed in the mix with 20% SF and 100% RCA,
demonstrating lower compressive strength than the control mix.

At 28 days, mixes containing 5%, 10%, and 15% SF and up to 75% RCA substitution showed improved strength
compared to the control mix (34.5 MPa). This enhancement is primarily attributed to the residual mortar on RCA
surfaces, which, besides enhancing RCA properties, strengthens the bond between the cement paste and aggregate. This
contributes to a more robust interfacial transition zone (1TZ), often the initial point of failure under loading.

Based on these results, increasing SF content up to 10% consistently improves the compressive strength of mixes
with up to 75% RCA, regardless of curing age. These findings align with trends observed in previous studies [45].
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Table 4. Compressive strength of concrete mixes with different levels of RCA and SF

SF Replacement Level, %

0 5 10 15 20

Age (days) 7 14 28 7 14 28 7 14 28 7 14 28 7 14 28

0 22.7 26.9 345 23.1 21.7 35.7 239 29.2 37.3 23.3 27.9 345 22.1 27.1 33.8
25 19.2 24.7 31.6 22.3 28.1 36.2 24.2 29.3 37.3 23.6 28.4 355 225 27.9 34.9
50 18.7 23.9 30.8 238 29.3 37.7 26.3 30.1 39.1 23.1 27.2 34.8 21.7 26.2 335
75 171 22.6 30.2 22 26.7 33.8 241 29.2 37.6 22.3 25.8 341 20.8 24.1 317
100 16.4 215 29.3 20.7 24.8 32.2 22.9 27.9 311 21.5 20.9 29.4 19.7 19.5 17.7

RCA
replacement level
%

35 m 0% m5% u10%

m15% ®m20%
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20 1
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Compressive Strength, MPa
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Figure 5. (a): Compressive strength with different levels of RCA and SF at age 7 days, (b): Compressive strength with
different levels of RCA and SF at age 14 days, (c): Compressive strength with different levels of RCA and SF at age 28 days
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3.3. Compressive Strength of Mixes with Treated Recycled Aggregate Concrete (TRCA)

The main factor affecting the quality of RCA is the amount of cement mortar that remains on the aggregate's surface.
This could produce RCA with high porosity and water absorption rates, which weakens the interfacial zone between the
aggregates and new cement mortar, reducing the compressive strength in particular and the other mechanical
performance of concrete in general. This work aimed to investigate the effect of treatment on RCA by using the pre-
soaking approach, namely, using HCI to remove the adhered mortar on RCA. Pre-treating RCA was found to be useful
and could increase its quality as the adhered mortar that is linked to them could be the primary component that lessens
the mechanical behavior of the produced concrete from such materials. The variations in the compressive strength after
7, 14, and 28 days of all concrete mixes with RCA with different percentages previously treated by HCL of various
molarities are shown in Table 5 and Figure 6-a to 6-c. Results revealed that treated RCA with 0.4M to 0.8M by HCL
before use and, in particular, the inclusion of RCA with percentages of 50% and 75% have improved the compressive
strength by 25% to 31%. This demonstrates how well the pretreatment process is as it removes a significant amount of
the weak adhered mortar from RCA, strengthening the bond between RCA and the new cement mortar. The advantages
of the pretreatment strategy were evident as the results showed an ideal strength enhancement of 32% with 50% RCA
replacements at 28 days. RCA has been pre-treated, and the aggregate's interfacial zone behavior with fresh cement
mortar can be improved. Such findings were in agreement with [46, 47].

Table 5. Compressive strength of mixes with treated recycled aggregate concrete (TRCA)

HCL Molarity
0.0 0.2 0.4 0.6 0.8
14 28 7 14 28 7 14 28 7 14 28 7 14 28
22.7 26.9 34.5 - - - - - - - - - - - -
192 247 316 243 30 372 252 303 388 269 294 395 225 279 349
187 239 308 248 313 387 263 311 404 276 299 408 217 262 335
171 226 302 246 309 369 251 302 375 253 268 381 208 241 317
100 164 215 293 241 298 302 239 289 362 245 239 34 197 195 177

>
«Q
@
2
g
<
&
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o ©
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~N o
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Figure 6. (a): Compressive strength of mixes with treated recycled aggregate concrete (TRCA) by HCL at 7 days with varying
RCA ratios, (b): Compressive strength of mixes with treated recycled aggregate concrete (TRCA) by HCL at 14 days with
varying RCA ratios, (c): Compressive strength of mixes with treated recycled aggregate concrete (TRCA) by HCL at 28 days
with varying RCA ratios.

3.4. Compressive Strength of Mixes with Treated Recycled Aggregate Concrete (TRCA) Incorporating Silica
Fume (SF)

Following the pre-soaking procedures, specimens of concrete in the shape of cubes measuring 100 mm were created
using treated recycled concrete aggregate (TRCA). The outcomes are then compared with those obtained from the
standard method, which does not involve pre-soaking in an environment of an acidic nature. Each experimental work
was conducted three times to reduce the difference between samples and results, and the average values were calculated.
Tables 6 to 9 and Figure 7 tabulate and show the improvement percentages in compressive strength at three different
ages. The treatment strategy by pre-soaking should be considered profitable since it can straightly eliminate the old
cement mortar and weak links of RCA at a relatively cheap cost. Various experimental studies have also demonstrated
the improvement after implementing such an approach. Although this pre-soaking technique requires expenditure to
apply, the overall quality for RCA is significantly enhanced and is on par with the normal aggregate.

Table 6. Compressive strength after treatment with different ratios of RCA and 5%SF

HCL Molarity
0.0 0.2 0.4 0.6 0.8
Age (days) 7 14 28 7 14 28 7 14 28 7 14 28 7 14 28
- 0 244 286 364 - - - - - - - - - - } B}
% o 5 206 263 333 262 321 394 273 326 413 293 317 422 244 300 372
%% 50 201 255 325 268 335 410 285 334 430 301 322 436 236 282 357
|
S 75 184 241 319 266 331 391 272 325 399 276 289 407 226 260 338
& 100 176 229 309 260 319 320 259 311 386 267 258 378 214 210 189
Table 7. Compressive strength after treatment with different ratios of RCA and 10%SF
HCL Molarity
0.0 0.2 0.4 0.6 0.8
Age (days) 7 14 28 7 14 28 7 14 28 7 14 28 7 14 28
= 0 235 277 354 - - - - - - - - - - - -
% © 25 199 255 324 249 306 381 260 312 397 274 303 400 234 289 360
E:i% 50 194 246 316 256 320 396 274 320 414 279 305 410 226 272 346
|
S 75 177 233 310 251 311 374 259 311 387 258 276 386 217 250 327
& 100 170 222 301 244 299 314 247 298 364 250 242 354 205 202 183
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Table 8. Compressive strength after treatment with different ratios of RCA and 15%SF

HCL Molarity
0.0 0.2 0.4 0.6 0.8
Age (days) 7 14 28 7 14 28 7 14 28 7 14 28 7 14 28
= 0 228 269 344 - - - - - - - - - - - -
5]
g o 25 193 247 315 242 298 370 253 303 386 267 294 389 228 281 350
=
§§ 50 188 239 307 248 311 385 266 311 402 272 297 399 219 264 336
@ 3
<~ 75 172 226 301 244 303 363 252 302 376 251 268 375 210 243 318
3
o 100 165 215 292 237 291 305 240 289 354 243 236 345 199 196 177
Table 9. Compressive strength after treatment with different ratios of RCA and 20%SF
HCL Molarity
0.0 0.2 0.4 0.6 0.8
Age (days) 7 14 28 7 14 28 7 14 28 7 14 28 7 14 28
- 0 215 252 321 - - - - - - - - - - - -
&
= o 5 181 232 294 229 281 347 239 286 363 254 278 369 214 264 328
Qo
%LE 50 177 224 287 234 293 361 250 293 378 260 281 379 207 248 315
x 5]
< < 15 162 212 281 231 288 343 238 285 352 239 253 356 198 228 298
& 100 155 202 273 226 277 284 227 272 336 232 224 329 188 185 166
40 - 40
o 35 1 R © 35 1
S 30 - =00 > 30 =00
s £
S 25 =0.2 2 25 - 202
o £
& 20 A 0.4 D20 A 0.4
= =
§ 15 A 0.6 % 15 A 0.6
1
S | 2 |
£ 10 =08 § 10 =038
© 5. 5 -
0 - 0 -
0% 25% 50% 75%  100% 0% 25% 50% 75%  100%
RCA Replacment Level, % RCA Replacment Level, %
@ (b)
40 - 40
35 1 35
g g
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g 0.6 4 ‘
o m [oR
g 10 08 g 10 =08
O 5 mo. O 5
0 - 0
0% 25% 50% 75%  100% 0% 25% 50% 75% 100%
RCA replacment level, % RCA Replacment Level, %
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(d)

Figure 7. Compressive strength of mixes with treated recycled aggregate concrete (TRCA) incorporating silica fume (SF)(A:
5%; B: 10%; C: 15%; D:20%0)

1865



Civil Engineering Journal Vol. 11, No. 05, May, 2025

Compared with the control concrete mix involving RCA without treatment, it is evident that adding SF at rates of
5%, 10%, and 15% along with treatment RCA at 0.2M of HCL increases the compressive strength from 25% to 29%.
Simultaneously, the compressive strength increased with HCI of 0.4M from 30% to 33%. Moreover, there was an
increase in the compressive strength from 11% to 25% when utilizing TRCA at 0.6M of HCL. However, the increase in
the compressive strength at all ages decreased when the RCA was treated at 0.8M of HCI. Using SF creates a dense and
compact microstructure, decreases voids in concrete, and improves the bonding between pastes and aggregates,
increasing the compressive strength. This tendency toward strength development is consistent with previous research
findings [7-10]. Additionally, the SF contributes more to RCA mixes than NCA mixes, achieving the highest strength
development when replacing 25% of the treated RCA at HCL with 0.6M. This behavior might be due to the adhering
mortar of RCA, which has more pores than NCA and hydrates and strengthens the connection at the interface.
Microstructural analysis from previous research revealed that the combination of HCI treatment and SF refined the
interfacial transition zone (1TZ) and densified the concrete matrix, reducing porosity and improving durability. However,
higher SF replacement ratios (15% and 20%) showed diminishing returns, likely due to excessive cement replacement.

4. Conclusions

The current study explores the effects of silica fume as a partial substitution of cement in concrete mixtures that
substitute varying percentages of RCA instead of NCA. Enhancing the qualities of RCA made from coarse aggregate
wastes by HCL and creating sustainable concrete with these materials are the primary goals of this research project. The
following points provide the main conclusions after analyzing the experimental data:

¢ For all curing ages, the compressive strength decreases as the amount of RCA in concrete increases due to RCA's
weaker characteristics than NCA. The 28-day compressive strength for 100% RAC shows the highest reduction
of 15%.

e The inclusion of silica fume makes up for the decrease in the compressive strength of RCA concrete mixes as it
increases the 28-day compressive strength by nearly 27% at 50% and 10% RCA and silica fume replacement
levels, respectively. This increase in strength is ascribed to the filler effect of silica fume particles.

e The pretreatment by HCL for the RCA is a successful technique for enhancing RCA quality, especially for higher-
grade utilization, which expands the range of RCA applications in various construction projects.

¢ The findings highlight the potential of combining HCI treatment and SF to produce high-performance, sustainable
concrete. This approach enhances RCA's mechanical and durability properties and promotes industrial by-product
use, contributing to a circular economy.

e The study concludes that 0.6M HCI treatment and 5% SF replacement of cement and 50% RCA represent the
optimal combination for enhancing the performance of recycled aggregate concrete (RCA), making it suitable for
structural applications in aggressive environments. Future work should consider the long-term durability and
economic feasibility of this approach.
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