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Abstract: This paper aims to support stakeholders in the sustainable construction sector
by exploring the potential of unexamined aggregates from five distinct origins: the Jandol
River, the Swat River, the Panjkorha River, the Kitkot Drain, and the Shavey Drain situated
in Malakand division, North Waziristan, Pakistan, concerning Alkali-Silica Reaction (ASKR)
prior to their incorporation into large-scale construction practices. Petrographic exami-
nation for the determination of the mineralogical composition of all collected aggregates
revealed that aggregates stemming from the Swat River, Panjkorh River, Kitkot Drain,
and Shavey Drain exhibited no reactive minerals. In contrast, those from the Jandol River
showed reactive mineral content. Physical analysis of the aggregates revealed that Jandol
River aggregates had superior resistance to impact, crushing, and abrasion, having values
of 18.53%, 18.53%, and 20.10%, respectively. Moreover, the chemical analysis exhibited the
highest silica content (SiO,) in Jandol River aggregates, i.e., 94.7%, respectively. Samples in
the form of cubes, prisms, and mortar bars were prepared to study both the mechanical
properties and the expansion tendencies of specimens prepared from different aggregate
sources. Validation of the reactive nature of the Jandol River aggregates was corroborated
by the expansion results obtained from the mortar bars and the reduction in compressive
strength and flexure strength by 8.2% and 9.2%, respectively, after 90 days, higher than
that of aggregates exposed to ASR sourced from the other four origins. It can be asserted
that aggregates from the Jandol River source are more susceptible to ASR as compared
to other aggregates. To mitigate the potential of ASR, various strategies, such as using
low reactivity, natural, or processed aggregates; low alkali-containing cement; inducing
pozzolanic substances in concrete; etc., are recommended. Simultaneously, an economic
feasibility study and environmental assessments are recommended as future developments.

Keywords: circular economy; alkali-silica reactivity; petrographic analysis; sustainable concrete

1. Introduction

Nowadays, global concern about human activities is increasing more and more. Vari-
ous sectors of modern civilization, such as process industries, transportation networks, and
agricultural applications, intensely disturb the surroundings, frequently instigating the
uninterrupted or unintended discharge of carbon-based and inorganic contaminants [1].
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Such operations, frequently characterized by inappropriate waste-dumping procedures
and no sufficient source retrieval [2,3], result in imparting progressively and noteworthy
negative influence upon bionetworks and humanoid wellbeing [4,5]. The necessity to
comprehend such complications has led to the advancement of an extensive variety of
physicochemical and biotic methodologies for the retrieval of polluted waters [6-10] and
soils [11-14].

Favorably, a quick progress of knowledge has also enhanced the emphasis on green
technologies to handle anthropic development and depletion of natural assets in a sustain-
able manner [15-17]. Such practices bring building engineering into the field of sustainable
constructions. As of today, the construction industry relies majorly on concrete as its fore-
most constituent, the ingredients of which include cement, which is the most widely used,
fine aggregates (sand), coarse aggregates (gravel/crushes), and water. The enormous use
of concrete for building is because of many properties, including strength, practicality and
cost-effectiveness, given by the fact that it can be poured on site, has low maintenance costs,
and the ease of finding the ingredients for its production. However, the growing demand
for cement is accelerating the demand for its raw materials, particularly limestone, which
is essential for the production of Portland cement, the type of cement used in concrete
for more than 200 years. Such depletion of unrenewable assets is a serious distress as life
and ecological concerns rise [18], since the greenhouse gas emissions produced result in
global over-heating [19]. In order to take care of such problems, scientists and experts are
searching for substances which can partly or completely substitute cementitious materials
in the concrete mixture without compromising its behavior and robustness [20,21] while
also taking into account sustainability-related aspects, such as the use of local raw materials
to ease the economic and environmental burdens of production processes [22]. At the
same time, extending as far as possible the longevity and structural integrity of buildings
currently constructed of concrete is also becoming increasingly critical.

The phenomenon known in the concrete field as Alkali-Silica Reaction (ASR) involves
a chemical process in which hydroxyl ions, prevalent within the pore fluid of concrete,
react with the silica present in certain aggregates [23,24]. This interaction results in the
formation of an Alkali-Silica gel. Remarkably, the gel itself maintains a commendable
degree of stability and does not inherently bring breakages or additional impacts. However,
when exposed to aqueous environments, this gel undergoes swelling [25]. Consequently,
this expansion and swelling of the gel initiates stress within the concrete matrix, ultimately
leading to the formation of interior micro ruptures or breakages [26]. The trio of chemical
reactions described by Equations (1)-(3) outlines the intricate three-step progression of ASR
working [23]. Firstly, the powerful hydroxyl ions (OH™) exert their influence by cleaving
the robust siloxane bonds (Si-O-Si), thereby mobilizing the conversion of feeble silicic
acid to alkali silicate or Alkali-Silica gel, as shown in Equations (1) and (2). Subsequently,
the ingress of water prompts the consequent alkali-silicate gel expansion, a phenomenon
articulated in Equation (3).

Si-O-Si+R* + OH™ — Si-O-R + H-O-Si

1
Alkali silicate + Silicic acid M
R*+OH™ +H-O-Si — Si-O-R + H,O 2
Silicic acid Alkali silicate
Si-O-R + nH,O — Si-O™-(H,0), + R* 3)

Manifestly, the sustained occurrence of the reaction depends on the concurrent interac-
tion of three pivotal components: the presence of reactive particles within the aggregate,
encompassing opal, quartzite, and chert; a sufficient amount of alkalis within the cement;
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and a wellspring of moisture. The absence of any one component of this triad is sufficient
to inhibit the progression of the reaction. Over the past several decades, a great deal of
research has been conducted on the Alkali-Silica reaction (ASR). Stanton stands as a pio-
neering figure, being among the first to recognize and investigate the intricacies of the ASR
within concrete [27]. In terms of its tangible manifestations on concrete, the ASR produces
a spectrum of effects, including ruptures, enlargements, and alterations in mechanical
characteristics. These effects, resultingly, hasten the worsening of the useability, robustness,
and load-bearing capacity of concrete structures [28]. These occurrences, of course, result
in a shorter useful life of the material, thus leading not only to a not-negligible expenditure
of economic and energy resources necessary for the restoration of the building structures
in which they are used but also to as many significant pollutant emissions resulting from
the necessary renovation and/or (in the worst case scenario) dismantling, disposal, and re-
placement of the damaged materials [29,30]. To mitigate the effects of ASR, four prominent
strategies have been studied:

i. Utilizing less reactive aggregates.

ii. Using cement containing a lower concentration of alkali.

iii. Using pozzolanic substances such as slag [31], fly ashes [32], silica fume [33], etc.

iv. Incorporation of lithium carbonates [34] and lithium nitrates.

Among the aforementioned strategies to alleviate the potential of ASR, the use of less
reactive aggregates is the most desirable approach [35]. Where there exists a tedious task to
locate the less reactive aggregates taking into account the expenditure and accessibility, the
second option can be opted for as the second most desirable method.

There exists a profound bond between ASR, ASR-induced damages, and sustainable
development. As discussed earlier, concrete is the widely used material because of its
capacity to withstand heavy loads and robustness that endures for years. ASR is basically a
fatal illness of the concrete that reduces its durability and life span. For instance, if a concrete
structure is erected to withstand all kinds of loads for a period of 100 years, the influence
of ASR may reduce it to 50 years, or if the intensity exceeds, the structure may require
rehabilitation even after 5-10 years. This is where the consumption of raw materials would
become a point of serious concern. The maintenance cost would not only be an economic
consideration, but the environmental impacts of repairs due to cracking and expansion
also pose a threat to sustainable development. The use of additional energy, material
transportation, manufacturing, and consumption of raw materials for the purpose of the
rehabilitation of structures would defy the norms of sustainable development because the
production of cement is linked to the emission of carbon dioxide in the atmosphere, which is
responsible for global warming. Construction and demolition waste due to damage repair
would cause significant waste management issues. Therefore, ASR is a mechanism that
not only causes deterioration of the concrete structure before time, causing safety concerns
for the building inhabitants, but also is a source responsible for the rapid depletion of the
natural resources, posing a threat for the future generations.

The evolution and proliferation of microcracks is generally considered to be the under-
lying catalyst for alterations in material properties [36]. Given the pivotal role of concrete
mechanical properties in the assessment of structural integrity, serviceability, and capacity,
the influence of ASR on these properties has been thoroughly investigated via experimental,
numerical, and analytical inquiries. For example, Munir et al. [37] have documented a
significant reduction in compressive strength, with Mach Hills aggregates experiencing a
pronounced decline of 22% under ASTM C1260 [38] exposure conditions, while Tuguwali
aggregates showed a slightly lesser reduction of 16% under comparable conditions. In
addition, Munir et al. [37] elucidated the discernible impact of the aggregate source on
the overall flexural strength loss, which ranged from 22% to 34% for samples subjected to
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the ASTM C1260 [38] test. In a parallel investigation, Marzouk et al. [39] found a notable
24% reduction in compressive strength over 84 days for normal-strength concrete samples
vulnerable to a NaOH solution. Moreover, they observed a corresponding reduction in flex-
ural strength of up to 24% related to mildly sensitive aggregates, while Ghafoori et al. [40]
elucidated a decline in the concrete cylinders compressive strength attributed to ASR in
samples containing reactive aggregates. The results of these investigations unveiled that
the compressive strength initially exhibited limited sensitivity to ASR in the early stages;
however, significant degradation was observed in the later stages, coinciding with extreme
expansions and crack formation. Okpin et al. [41], using a variety of testing standards,
explored the corruption of mechanical properties in concrete casts with three distinct ag-
gregate typologies. Their results highlighted the variability in compressive strength over
the duration of the tests, with concrete strength showing a gradual increase up to 28 days,
followed by a subsequent decline.

Mortar bar expansion is a common method used to evaluate concrete degradation due
to ASR. A multitude of standard methods are used worldwide to measure ASR expansion,
providing insights into the aggregates reactivity. In particular, the expedite mortar bars
test stands as the most widely utilized method worldwide. Originally introduced in 1986
by Oberholster and Davis [42], this test has since gained widespread acceptance as an
accelerated means of assessing aggregate ASR. In such a test, mortar bars are immersed
in a strong alkaline solution (1 N NaOH) for at least 14 days at 80 °C, as required by
ASTM C1260 [38]. Conversely, ASTM C227 [43] represents an alternative method with a
long-established history in ASR detection, requiring nearly six months to complete [32].
Moreover, the exposure constraints outlined in ASTM C227 [43] are not rigorous enough to
induce ASR in less time. As a result, the current investigation used ASTM C1260 [38] to
evaluate the ASR potential of locally sourced aggregates that have not been previously stud-
ied. A multitude of previous investigations have examined the physical and engineering
properties of local aggregates, as evidenced by the synthesis presented in Table 1. However,
there is a lack of literature regarding the ASR potential of local aggregates complying with
ASTM C1260 [38,44].

Table 1. Preceding literature on locally available aggregates.

Studied
Year Aggregates/Rock Test Performed Results and Findings Ref.
Formation
Physical properties of aggregates were within the specified
Physical and chemical properties, cube ranges of ATSM standards. Swabi aggregates showed the
. d lerated mortar bar highest resistance to crushing, abrasion, and impact.
Sh . prism and acce-eratec Orakzai and Shalozan aggregates have higher silica content,
2022 alozan, Abbott}ibad, Orakzai expansion, compressive strength, makine them more reactive for ASR. Orakzai ageresates [44]
Swabi, and Sada flexural strength & BEIE
agency, ’ hine st th L Ag l, brasi expanded by 0.119% at 14 days and 0.201% at 28 days,
cru; ng s :in“’z ! tos nghis a r?51(?n, indicating reactivity. Specimens with Orakzai aggregates
and impact test, petrographic anatysis. had a 9% decrease in flexural strength under ASR exposure
compared to other sources.
Aggregates from the Dhak Pass and Pail Padhar exhibited
Sakesar limestone, Pail Padhrar, Los Angeles abrasion value, soundness {]e Iﬂarkably 10.W abrasion values. The aggregates f rom Tobar
2020 Tobar valle; test, aggregate impact, aggregate crushin alley and Pail Padhar proved tq l:?e suitable options for.the [45]
4 - A88Te pact, aggregate & avement surface course. In addition, the water absorption,
Dhak pass. specific gravity, and unit weight. P oo - G 4 L pon,
specific gravity, and unit weight characteristics of all
aggregates were within acceptable standards.
The quartet of extracted materials exhibited a diverse range
of characteristics, consisting of specific gravity, bulk density,
and water absorption, which ranged from 2.67 to 2.72,
Specific eravity, water absorption. bulk 991b/ft3 to 101 Ib/t3, and 1.58% to 1.92%, respectively.
delrolsity, ﬂgkinesys/ index, elongition/ index, Flal:iness and Slongatian indices Fanged from 21.1% to
2018 Chakdara quarry, Katkala quarry, soundness, crushing value, impact value, 25.1% and 14.7% to 24.2%, respectively. Soundness tests [46]

Gulabad Khwar, Pajkor River at Rani.

Los Angeles abrasion, and concrete
cylinder strength.

gave results between 3.35% and 5.04%. Aggregates from the
Gulabad quarry emerged as star performers in both the
crushing and impact tests, recording the most
commendable values of 13.23% and 16.56%, respectively.
Among the tested sources, the Gulabad aggregate had the
highest concrete cylinder strength (2376 psi).
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Table 1. Cont.
Studied
Year Aggregates/Rock Test Performed Results and Findings Ref.
Formation
Approximately 77% of the fine particles were reported to be
free of organic impurities. Coarse aggregates exhibited
e . water absorption rates ranging from 0.20% to 0.60%, while
Particle size, water absorption, bulk heir fi hibited a wid £0.40%
. density, solidity, organic impurities, clay their fine counterparts exhibited a wider range of 0.40% to
The area around Loni Kot e - . ’ 2.20%. Specific gravity for fine aggregates ranged from 2.42
2018 . lumps, friable particles, flakiness and [47]
(Karachi-Hyderabad Motorway). A : to 2.72 and for coarse aggregates from 1.95 to 2.87. Notably,
elongation index, Los Angeles abrasion 25% and 27% of th ‘dentified
test, crushing value, and impact value. o an o of the coarse aggregates were identified as
/ ! flaky and elongated particles, respectively. The impact
value and aggregate crushing value were 25% and
28%, respectively.
According to ASTM C227, aggregates sourced from the
Sargodha region exhibited mortar bar expansion values
ranging from 0.05% to 0.07%. In stark contrast, aggregates
The Kamser Mountains from sourced from the Jhelum and Kamser regions exhibited
Muzaffarabad in Kashmir, the Jhelum E ion test significantly lower expansion rates, falling below 0.04%.
2017 River at the Lehri Mangla, the Sheikh o troxrr):nili?;n‘;sl ,sis However, a concerning revelation emerged during the [48]
Hills, Tuguwali Hills, and Mach Hills petrograp SIS ASTM C1260 test, where all aggregates from the Sargodha
from the Sargodha region. region showed reactivity, with expansions exceeding the
critical threshold of 0.20%. This unsettling trend was
confirmed by petrographic analysis, further highlighting
the risk posed by these aggregates.
Margalla crushes exhibited the most remarkable specific
gravity among the samples, while Sargodha and Barnala
crushes exhibited lower water absorption rates compared to
Margalla and Mangla crushes. Interestingly, Margalla crush
Specific gravity, water absorption, bulk exhibited the lowest bulk density within the group.
2017 Sargodha, Mangla, and Margalla density, impact value, concrete cylinder Sargodha Crush exhibited the lowest impact value (11.6%) [49]
crush, as well as Banalla crush. strength, splitting tensile strength, and crushing value (17.9%) among all the samples.
and flexural. Conversely, Margalla crushes demonstrated the maximum
flexural capacity (4.90 MPa) and compressive capacity
(26.3 MPa) among the tested aggregates. Barnala crushed
stone exhibited the highest splitting tensile strength within
the evaluated parameters.
The results showed a specific gravity of 2.74 and a water
Compressive strength, Los Angeles absm“ptlon rate of_ only 0.28%. Impresgdvel_y, the
. . . . S compressive strength increased to 6179 psi, while the Los
Malikhore formation (Lasbela and abrasion, flakiness, elongation index, bulk . M X
2016 N . A .. Angeles abrasion test showed a value of 23%. Given these [50]
Khuzdar districts). density, Alkali-Silica reactivity, and b ies. th idered well
trographic analysis. 10l ust_ properties, the aggregat_es were considered we
petrog suited for concrete production, as confirmed by
petrographic analysis.
Each of the aggregate sources had specific gravities that met
Obhan Shah quarry (OSQ) the established standards, but their bulk densities remained
quarry ! Specific gravity, bulk density, flakinessand ~ below 2400 kg/m?. All sources exceeded the specified limit
Chattan Shah R - o, . . -
. elongation index, water absorption, of 15% for the flakiness index. The water absorption, crush,
quarry (CSQ), Goal Pahari : . . . . o
2015 uarry (GPQ) crushing value, impact value, abrasion impact, and abrasion values of each source were within [51]
Darak uzg‘r (gQ) and ,]ara Takar value, and acceptable parameters. Notably, JTQ had the lowest
q };rr JTQ) compressive strength compressive strength of 20.8 MPa, while CSQ had the most
quarry : remarkable 28-day compressive strength, rising to an
impressive 38.2 MPa.
Limestones from Margala Hill (MH), Los Angeles abrasion, impact value, All mechanical and physical properties were well within the
. . S ; tolerances of both BS and ASTM standards. Among them,
Lockhart (LT), Kawagarh (KW), flakiness index, elongation index, density, . o .
2014 - KW had the highest specific gravity. Kawagarh and [52]
Sammana Suk (SM), and water absorption, and o .
. : . Sammana Suk exhibited the lowest Los Angeles abrasion
Shekhai (SH). petrographic analysis . ;
values and impact values, respectively.
The three Kashmiri sources, namely Hajra, Kamser, and
Arja, exhibited specific gravities that fell within the
spectrum delineated by the Margalla and Sargodha crushes.
Unit weight, Kamser and Hajra had the lowest water absorption rates
Hai . flakiness and elongation index, impact among the Kashmiri sources. All Kashmiri sources
ajra, Kamser, Arja, Margalla and X : . N . U
2013 Sareodha crush value, crushing value, compressive exhibited flakiness and elongation indices towel within the [53]
& ' strength, tensile strength specific gravity, BS standards. The impact values ranged from 10 to 15%,
water absorption. while the crushing values ranged from 15 to 23%. The
Kamser aggregates had the lowest compressive and tensile
strength values, while the Arja aggregates had the highest
values for both compressive and tensile strength.
Aggregate samples from the Bara River, Basi, Zangali, and
Loye Khawar showed a spectrum of bulk densities ranging
from 2.3 to 3.1. The soundness test revealed a tapestry of
values that resonated with the intrinsic character of each
Bara River, Basi quarry: 13.05, 6.61, 8.94, and 17.69. Abrasion test revealed
! ’ Los Angeles abrasion, ASR, Petrographic their resilience with values of 21.2,18.5, 24, and 20, )
2012 LoyeKhawar, O . - . . [54]
7 . . examination, Bulk density, Soundness. respectively, crafting a narrative of endurance and strength.
angali/JaniKhawar

No expansion was observed, each sample standing as a
testament to its harmlessness. Delicate strokes of
petrographic analysis then painted a portrait of purity,
revealing reactive carbonates or the shadow of
unstable silica.
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Table 1. Cont.

Year

Studied
Aggregates/Rock
Formation

Test Performed

Results and Findings

Ref.

2009

Jurana formation,
Sakesar limestone

Specific gravity, water
absorption, soundness
test, Los Angeles
abrasion, moisture content.

The specific gravities ranged from 2.62 to 2.70, with water
absorption ranging from a minimum of 0.44% to a slightly
higher 1.30%. After five immersion cycles, the soundness
test revealed a spectrum from 2.15% to 8.47%, indicating of
the aggregates. Abrasion values, ranging from 18.6% to
29.4%, underscored their durability. Maximum dry density
went from 143 to 144.8 pounds per cubic foot, while

[55]

optimum moisture content was found to be 5.4% to 5.6%.
These results underscore the suitability of the tested
aggregates for road construction.

2009 Allai aggregate

Although the techical properties of the aggregates were
within standard limits, their potential for Alkali-Silica
reaction was noted. As a precautionary measure, it is
recommended that these aggregates be incorporated into
concrete mixes along with mitigating agents such as fly ash,
slag, and low alkali cement. This strategic approach aims to
minimize the risk of Alkali-Silica reactions and ensure the
durability and longevity of concrete structures.

Bulk density, specific gravity, water

absorption and ASR. [56]

Girdue limestone,
Sakhi Sarwar, Pitok quarry,
2008 Uzman quarry
at Nullah Zungi,
Khalgeri Mullah quarry

Specific gravities ranged from 2.61 to 2.69 and water
absorption from 0.57% to 1.65%. Soundness test values
ranged from 1.80 to 3.77%, while abrasion values ranged
from 17.9% to 30.6%. Maximum dry density ranged from
143.7 to 144.9 1b/ft?, with optimal damp concentration [57]
observed between 5.2% and 5.4%. Notably, the California
bearing ratio ranged from 84.4% to 99.2%, indicating
favorable conditions for surface preparation and concrete
work, particularly sourced from the Girdu formation.

Specific gravity, water absorption,
soundness test, Los Angeles abrasion,
moisture content, CBR value.

2006

Chiniot, Margala,
Sikhanwali, Takial and Khairabad.

Crush values ranged from 21.78% to 29.20%, while the Los
Angeles abrasion values were from 16.3% to 25.46%. Impact
values ranged from 12.73% to 18.65%. Upon close
inspection, the Margala and Chiniott sources emerged as
paragons of minimalism, boasting the lowest porosity,

crushing value, and impact value, compared to the [58]
grandeur of the highest specific gravity values. However,
amidst this tapestry of attributes, the Margalla source
aggregate emerged with regal distinction, adorned with the
highest quotient of flaky and elongated particles, adding
complexity to its narrative.

Crushing value,
abrasion value, specific gravity,
porosity and
particle shape index.

Based on the above, with the aim to investigate and expand the range of possible local,
hence more sustainable, sources that are adequate for construction lacking degradation
of mechanical properties and with minimal environmental impact, the current study was
designed to investigate the performance of locally available aggregates with respect to ASR.
Specifically, aggregate samples were sourced from five pits located in the northwestern
region (Malakand Division) of Pakistan, chosen for their anticipated utilization in large-
scale building practices like dams. Anyway, it should be recognized that the mechanical
properties of concrete erections are profoundly affected by ASR. Hence, initial testing of
unexplored aggregates concerning ASR is the most effective technique to prevent concrete
deterioration in mega construction. In the preliminary phase, a petrographic examination of
the assessed aggregates was performed to elucidate their mineral composition and reactive
constituents. Subsequently, cube, prism, and mortar bar samples were prepared and were
made vulnerable to ASR solutions, according to ASTM C1260 [38]. Parallel samples were
also cast and cured using standard water conditions for comparison purposes. The focal
point of this research lies in determining the extent of concrete deterioration induced by the
incorporation of unexplored aggregates, as measured by ASR expansion and subsequential
loss of mechanical property under ASTM C1260 compliant exposure conditions. This
investigation stands as a pioneering effort, not only in assessing the ASR susceptibility of
unexplored aggregates but also in providing stakeholders with the necessary confidence
and technical insight to employ local aggregates in large-scale projects. Furthermore, the
research seeks to expand the repertoire of viable local aggregate sources for construction
practices, ensuring compatibility without compromising mechanical properties. From
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the literature reported earlier, it is evident that a greater number of studies have been
conducted for the determination of technical properties of the local aggregates; however,
limited literature is presented for the probability of ASR in local aggregates, particularly
under ASTM C1260. Moreover, no investigation has been conducted before to determine
the ASR potential of the aggregates sourced from Malakand Division in Pakistan, i.e., Swat
River, Panjkorha River, Jandol River, Kitkot Drain, and Shavey Drain.

The novelty of the study under consideration is that it has investigated the potential of
ASR in the aforementioned locally available aggregates which were yet to be explored be-
fore. Moreover, this study has commenced the investigation under ASTM C1260, on which
limited literature is available, rendering it distinct. From the perspective of sustainable
development of the construction industry, this work is part of an initial investigation in
order to determine whether such materials are structurally reliable, before proceeding with
the subsequent environmental (e.g., comparison with other materials used for the same
purpose in terms of carbon footprint and pollutant emissions) and economic (e.g., quantity
of material available and potential scale of production) analyses.

2. Materials and Methods
2.1. Materials and Specimen Preparation

The investigation under consideration examined five various aggregate sources for
Alkali-Silica reactivity. These aggregates sourced from the Swat River, Panjkorha River, Jan-
dool River, Shavey Drain, and Kitkot Drain, are an integral part of the contemporary land-
scape of large-scale projects in the local construction sector, as outlined in Tables 2 and 3.
The selected aggregates, namely those sourced from the Swat River, Panjkorha River, Jan-
dool River, Shavey Drain, and Kitkot Drain, were obtained through controlled blasting
operations conducted over various geological formations within their respective vicinities.
After the blasting phase, a dry crushing process was used to break up large rock formations
into smaller, more manageable aggregates. Once the true representative aggregates were
collected from their designated locations, further grading procedures were enacted accord-
ing to ASTM C1260 [38]. Ordinary Portland cement served as the binding agent in these
experiments, while a blend was made utilizing tap water. Portland Cement was kindly
provided by Maple Leaf cement, Pakistan. Lithium carbonates and Lithium nitrates were
purchased from city scientific Pakistan.

Table 2. Site of locally available aggregates.

Sr. No. Aggregate Sources Latitude Longitude
1 Swat River (Naseeb crush plant chakdara) 34°41'24" N 72°01'47" E
’ Panjkorha (river Mi'lllk and ko block crush 34°47/28" N 71°48/48" E
shakwali temargara)
3 Kitkot khwar (Mamund block factory Barkaly) 34°47'31" N 71°24'16" E
4 Shavey khwar (Bilal crush plant Dir) 34°51'48" N 71°40'4.9" E
5 Jandool river (raghagan dam water resort salarzai) 34°46'23" N 71°37'06" E
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Table 3. Aggregate samples.

Aggregate Sources Crusher Site Aggregate Sample

River Swat
aggregates

River
Panjkorha
aggregate

River
Jandool
aggregates

Shavey Drain
aggregates

Kitkot Drain
aggregates
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2.2. Experimental Procedures

Various assessments were undertaken to ascertain the engineering characteristics
of the cement utilized in this study. These tests included the soundness test, performed
according to EN 196-3 [59], to evaluate the resistance of the cement to volume change upon
hydration. The Blaine air permeability test, according to ASTM C204 [60], was used to
determine the specific surface area of the cement particles, which provides insight into
their fineness. In addition, the fineness test, assessed by the percentage of cement particles
passing through a #200 sieve, was performed according to ASTM C184 [61]. The setting
time, a critical parameter affecting construction schedules, was determined according to
ASTM C191 [62]. Finally, the standard consistency of the cement, which indicates the
quantity of water essential to attain the desired consistency, was measured according
to ASTM C187 [63]. A series of tests were conducted on the aggregates employed in
this study to measure both their physical and chemical characteristics. Such assessments
contained the BS-812-112 [64] impact value test, which is designed to gauge the material’s
resistance to sudden force application. The BS-812-110 [65] test for crushing value was
utilized to ascertain the ability of the aggregates to withstand crushing loads. Furthermore,
the ASTM C535 [66] abrasion test was utilized to evaluate the abrasion resistance of the
aggregates. The determination of bulk density and void ratio was executed in accordance
with ASTM C29 [67], providing crucial insights into the compactness and void spaces
within the aggregate matrix. Specific water absorption and gravity characteristics were
evaluated according to ASTM C127 [68], providing insight into the density of the material
and its propensity to absorb moisture. Chemical analysis of the aggregates was carried
out on powdered samples according to the guidelines of ASTM C114 [69]. It was worth
determining the chemical composition of the local aggregates at the initial stage, as it
can predict the intensity of ASR in the concrete and its subsequent impacts. The extent
of reactive silica attained through chemical analysis existing in the aggregates leads to
a rigorous reaction with alkalis present in the cement, and its consequent exposure to
moisture can result in intensive cracking and degradation of the concrete structure in
due course, an outcome of ASR. Therefore, chemical analysis of local aggregates can
be considered an essential prediction of the possible ASR in the concrete. In addition,
petrographic analysis was performed according to the ASTM C295 [70] standard. For the
petrographic analysis, the samples first underwent a thorough washing process to eliminate
extraneous contaminants, followed by an examination aimed at identifying different rock
typologies through petrographic modal analysis, performed using both low and high
magnification settings. Fine sections were then meticulously made and investigated under
a polarizing microscope to identify any deleterious constituents within the aggregate
matrix. The petrographic microscope employed for this purpose was an Olympus BX41TF
equipped with a DP12 digital camera to ensure accurate documentation and analysis.
Expansion measurements were meticulously recorded on mortar bar specimens at specified
intervals of 3, 7, 14, 28, 56, and 90 days. Prior to each measurement, the digital length
comparator readings were carefully calibrated using a standardized bar. Compressive
strength tests on cubes were performed according to ASTM C109 [71] using a prescribed
a 1000 N/s loading rate. Similarly, flexural strength tests on prisms were performed
according to ASTM C348 [72] with a 2640 N/s loading rate. Test ages corresponded to
intervals of 3, 7, 14, 28, 56, and 90 days after ASR exposure at 80 °C. For comparative
analysis, parallel indistinguishable samples were prepared and cured in water and then
tested under analogous conditions. Figure 1 outlines the sequential steps of the specimen
preparation and testing procedures.
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Figure 1. Preparation and evaluation of specimens: (a) electric mixer; (b) molds on vibrating table;
(c) cast samples; (d) samples in ASR solution; (e) samples inside oven and tested with digital
length comparator.

After demolding, the mortar bar expansion specimens were subjected to initial
length measurements using a length comparator according to the procedures outlined
in ASTM C490 [73]. These specimens were then immersed in water at 80 °C for 24 h, after
which the length changes were again measured with the length comparator. The mortar
bar samples were then transferred to a NaOH solution maintained at 80 °C. At specified
intervals corresponding to the target ages, the extent of length change was meticulously de-
termined. The change in length was calculated employing Equation (4) and then expressed

as a percentage:
Lx—Li
= 4
G @)

where Li, L, Lx, and G are the initial value, expansion at the target age, length comparator

L

value at the desired age, and gauge length, respectively.
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Field Emission Scanning Electron Microscope (FESEM) inspection was used to investi-
gate the microcracking and related damage observed in the tested samples. The FESEM
instrument used was a Sigma 500VP manufactured by Carl Zeiss (Jena, Germany). Frag-
ments between 3 and 5 mm in size, obtained from samples containing different aggregates,
were meticulously selected for FESEM examination. Before being placed in the specimen
holder of the FESEM, these fragments underwent gold coating using a sputter-coating
equipment to improve conductivity and imaging quality. Subsequently, the specimen
fragments were analyzed at various magnifications to obtain comprehensive visual data.
Figure 2 demonstrates the process flow of the study under consideration.

Characterizations of |
cement and

IR Selection of Cement aggregates for

property

determination

Petrographic
‘Analysis of local
aggregates

Preparation of
Specimens

Analysis of the
Specimens

Reporting Results

Figure 2. Process flow of the study under consideration.

3. Results and Discussion
3.1. Cement and Coarse Aggregates Characteristics

The outcomes of the tests on physical properties of the cement are presented in Table 4.
It is noteworthy that all such physical properties were found to be within the permissible
ranges established by both ASTM and European (EN) standards, according to the research
findings. For example, the initial setting time was more than 45 min, and the final setting
time was less than 375 min, whereas the surface area and fineness of the cement were more
than 2250 cm? /g and 90%, respectively, in accordance with the criteria established by the
ASTM standards.

Table 4. Cement physical characteristics.

Characteristic Reference Value Reference Limit
Standard
Standard Consistency ASTM C187 [63] 26% -
Initial Setting Time ASTM C191 [62] 85 min >45 min
Final Setting Time ASTM C191 [62] 175 min <375 min
Fineness (Passing #200) ASTM C184 [61] 98.6% >90%
Fineness (Blaine 2 5
Air Permeability) ASTM C204 [60] 2996 cm*/g >2250 cm*/g
Soundness EN 196-3 [59] 0.80 mm <10 mm

Table 5 shows the physical properties characterizing the diverse aggregate sources.
Among the aggregates studied, the results revealed a noticeable divergence in proper-
ties. Notably, for all aggregate sources, the bulk density fell within the specified reference
range. Amongst these sources, the Jandool River aggregates had the highest bulk den-
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sity of 1510.7 kg/m?3, while the Shavey drain source showed the lowest bulk density of
1410 kg/m?3. When comparing the Jandool River aggregate to all other aggregate sources
examined, it becomes apparent that the Jandool River Aggregate exhibits a significantly
higher specific gravity value of 2.79. In contrast, the Shavey drain source presents the
lowest specific gravity value among the samples, standing at 2.64. Furthermore, compared
to the Shavey drain aggregates, which demonstrated the highest water absorption rate amid
all the specimens tested, the Swat River aggregates showcased the lowest water absorption
rate, measured at just 0.59%. Guided by the BS-812-112 [64] standards, aggregates are
evaluated for their robustness based on impact values, with those below 10% considered
strong and stable, and those above 35% considered weak and fragile and unsuitable for
construction. Similarly, adherence to the BS-812-110 [65] criterion stipulates that aggre-
gates with crushing values below 30% are deemed suitable for construction applications.
Throughout this investigation, Jandol aggregates exhibited remarkable resilience, with the
greatest resistance to impact, abrasion, and crushing. Conversely, Shavey drain aggregates
showed a notable susceptibility to abrasion, indicating a vulnerability in this regard. In
addition, it is noteworthy that Kitkot drain aggregates exhibited only marginal values for
resistance to crushing and impact, suggesting a comparatively lower level of durability in
these key parameters.

Table 5. Physical characteristics of tested aggregates.

Aggregate Bulk Density Spec1.ﬁc Watel: Tmpact Crushing Value Abrasion Value
Souree (kg/m®) Gravity Absorption Value (%) (%)
(=) (%) (%)

Swat River 1490.6 2.75 0.59 20.56 20.44 21.34
Panjkorha River 1460.4 2.72 0.61 21.56 21.56 23.12
Jandol River 1510.7 2.79 0.71 18.53 18.53 20.10
Shavey Drain 1410.0 2.64 0.97 21.54 21.54 29.87
Kitkot Drain 1430.3 2.69 0.81 27.31 27.31 28.41

Table 6 reports the outcomes of the chemical analysis performed on the aggregates. It
is noteworthy that all the chemical compounds detected are within the limits prescribed
by ASTM C114 [69], which underlines the compliance with the established standards.
The Jandool and Swat river aggregates exhibit high silica values compared to the other
sources tested, approximately 94.7% and 92.5%, respectively, while the Kitkot drain source
presents a lower silica level of about 85.2%. It could be argued that the heightened silica
content across all aggregate sources could lead to increased ASR expansion. Nonetheless,
it is imperative to recognize that the type, size, quantity, and reactivity of silica within
aggregates play a pivotal role in influencing ASR expansion and its subsequent detrimen-
tal effects [74]. Crystalline silica comprises oxygen ions and silicon tetrahedra arranged
to maintain electrical neutrality, thereby yielding a more stable structure. Conversely,
the porous and inherently unstable nature of amorphous silica makes it susceptible to
ASR [75,76]. Furthermore, it is worth considering the potential presence of minute concen-
trations of reactive silica within the aggregates, rendering chemical analysis ineffective in
determining their impact. In addition, the mineralogical configuration of aggregates alone
may not accurately obtain the degree of impairment caused by reactive aggregates. Hence,
it is strongly suggested that experimental laboratory studies be conducted under relevant
standards to fully understand the performance of aggregates with respect to ASR.

Elevated Loss on Ignition values are evident in all of the examined aggregates. For
example, the Loss on Ignition for the Kitkot drain aggregates was approximately 2.69%.
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In accordance with ASTM C114 [69], all other aggregate constituents remained within the
specified range.

Table 6. Chemical configuration of utilized aggregates.

Constituents Swat Panjkora Jandool Shavey Kitkot

River River River Drain Drain
CaO (%) 0.88 0.75 0.93 1.45 1.85
MgO (%) 0.32 0.39 0.28 0.20 0.72
SiO; (%) 92.5 89.9 94.7 88.4 85.2
SO3 (%) 0.16 0.12 0.23 0.13 0.22
Al O3 (%) 1.45 2.89 0.52 1.20 1.67
Fe, O3 (%) 0.67 0.75 0.25 0.34 0.40
L.O.I (%) 1.24 1.88 1.44 1.87 2.69

3.2. Petrographic Examination of Aggregate Sample
3.2.1. Panjkorha River Aggregates

The aggregates under investigation are classified as fine-grained limestone due to
their predominant petrographic composition of finely dispersed calcite grains. Over 95% of
the samples consist of calcite (CaCOj3) by volume. Notably, these grains have undergone
partial recrystallization to microspar/spar through neomorphism. Traces of dolomite,
quartz/chert, and iron ore are also detected within acceptable limits. Petrographic analysis
conclusively classifies the aggregate sample as fine-grained limestone, given that the model
composition exceeds 90% calcite (CaCO3). Petrographic analysis of the aggregates under
investigation, i.e., Panjkorha River aggregates, revealed a modal structure composition
which consisted of 96% calcite, 3% chert/quartz, and 1% iron ore, as shown in Figure 3.

Panjkorha river

Ore ]

Chert/quartz :I

Microspar calcite

T T T T T T T T T
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Percentage (%)

Figure 3. Panjkorha aggregates’ mineralogical composition.

The supplied sample predominantly comprises 96% microspar calcite, a composition
known for its resilience against the Alkali-Silica reaction (ASR), making it suitable for
incorporation into asphalt and concrete mixes. However, a series of additional engineering
tests—including, but not limited to, Los Angeles, water absorption, flakiness, elonga-
tion, and coating and stripping evaluations—must be rigorously conducted per project
specifications to provide definitive validation of the aggregate’s suitability for use.
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3.2.2. Shavey Drain Aggregates

This aggregate source possesses a fine to medium grain size, going from 0.1 to 0.4 mm,
and has a brownish-gray complexion when examined in hand specimens. Under petro-
graphic scrutiny, these fragments are delineated as limestone with finely dispersed grains.
Alternatively, using the Dunham classification, they could be identified as mudstone due
to the sample’s predominant composition of small calcite (CaCOs3) grains, which make up
over 95% of its volume (Figure 4). Of particular note is the presence of sparry/microsparry
calcite (CaCOs3), a phenomenon induced by the neomorphism process within the fine
matrix. Furthermore, a minute fraction (about 3%) of the sample is composed of subhedral
to anhedral quartz/chert grains. In the midst of this complex composition, dark-colored
ores, presumably iron ores, are evident, as well as within the material.

Shavey drain
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Figure 4. Shavey Drain aggregates’ mineralogical composition.

The petrographic analysis indicates that the aggregate specimens analyzed are suitable
for use in concrete applications. Specifically, the aggregate samples analyzed exhibit
an absence of Alkali-Silica reactive (ASR) constituents, rendering them impervious to
the Alkali-Silica reaction. However, in order to fully determinate their suitability as an
aggregate material, a full range of standard aggregate tests—including but not limited to
compressive strength, Los Angeles abrasion test, soundness, crushing value, and impact
valve test—should be performed on the provided aggregate samples.

3.2.3. Kitkot Drain Aggregates

The aggregate specimen, characterized by fine to medium grains and a color spectrum
ranging from dark gray to black, has been identified through petrographic analysis as
Wackstone (limestone). A dominant constituent, calcite, makes up over 90% of the volume
of the rock as shown in Figure 5. Notable constituents include fossil fragments (allochems),
carbonate mud, and various minute particles. Bioclasts/fossil fragments range in size
between 0.2 and 1.8 mm, with the lime mud portion containing finer-grained bioclasts.
Some of the crushed fossil fragments have undergone partial recrystallization into mi-
crospar. Although their presence is minimal and within the acceptable limits outlined by
ASTM C-295 [70], traces of quartz and chert (cryptocrystalline silica) and ore have been
observed as well. In addition, microscopic calcite veins cross the rock samples, occasionally
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punctuated by spots of coarse-grained, euhedral crystalline calcite. Vigorous effervescence
upon exposure to dilute hydrochloric acid further attests to the plentiful of calcite (CaCO3).

Kitkot drain
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Figure 5. Kitkot Drain aggregates” mineralogical composition.

In accordance with Dunham’s classification system [77], the petrographic examination
of the rock sample under study categorizes it as a bioclastic limestone, specifically identified
as Wackstone. With calcite (CaCOs3) constituting more than 90% of the limestone samples,
it is considered suitable for use in concrete production and asphalt applications, provided
that other essential geomechanical properties, such as loss on abrasion, water absorption,
and compressive strength, meet project specifications. Due to the heterogeneous nature
of the rock typologies within the quarry, the material engineer has been recommended to
perform periodic evaluation of the supplied aggregates. This careful oversight ensures
consistency and quality in the material supply chain.

3.2.4. Jandol River Aggregates

The aggregate under investigation is composed predominantly of quartz and feldspar,
with minimal presence of clays, mafic phases (such as amphibole and pyroxene), muscovite
mica, and ores. The quartz grains exhibit a wide variety of morphologies, ranging from
sub-angular to sub-rounded and even subspherical. Impressively, a quarter (25%) of these
quartz grains present themselves as discrete entities, forming the predominant phase of
the aggregate (47%), and exhibit a deformed or a strained polycrystalline nature. Feldspar
accounts for about 23% of the aggregate and is mainly present as discrete grains, many
of which have undergone transformation into clays. In addition, the main opaque phases
observed are magnetite/hematite, appearing as minor constituents in about 5% of the
aggregate, as delineated in Figure 6.
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Figure 6. Jandol River aggregates’ mineralogical composition.

The examined aggregate, characterized by strained quartz (deformed) and polycrys-
talline quartz exceeding permissible limits, presents a potential risk of Alkali-Silica reactiv-
ity (ASR). In addition, the presence of silt-sized grains in most of the aggregate samples
falls within the deleterious category, further exacerbating ASR concerns. Furthermore, the
presence of altered feldspar introduces a potential weakening factor to the rock strength.
Petrographically, this aggregate source is not suggested for use in concrete work with ordi-
nary Portland cement (OPC) due to its ASR potential. However, it may find application in
asphalt production, provided other tests to ensure aggregate suitability, such as coating and
stripping evaluations, prove successful. Prior to incorporation into any engineering work,
geotechnical studies and tests—including, but not limited to, soundness, water absorption,
flakiness, elongation, specific gravity, and Los Angeles abrasion test (LA)—should be
conducted on the aggregate under consideration in accordance with project specifications.
This rigorous analysis ensures a detailed evaluation and suitability of the aggregate for any
engineering project.

3.2.5. Swat River Aggregates

The sample analyzed consists of fine-grained rock fragments that are uniform in
nature and range in size from less than 0.1 to 0.3 mm. These fragments present a subdued
grayish hue when observed with the naked eye. Through meticulous petrographic analysis,
the sample is identified as fine-grained limestone, characterized by its microspar calcite
content in excess of 90%. In addition, the presence of chert and ores within the sample is
noted, contributing to its mineralogical composition. Petrographic analysis of Swat river
aggregates revealed a modal structure composition dominated by 94% calcite, with 3%
chert/quartz, and 3% iron ore, as shown in Figure 7.

The sample examined is primarily 94% microspar calcite, a composition known for
its resistance to Alkali-Silica reaction (ASR), making it suitable for incorporation into
asphalt and concrete mixes. However, a full range of other engineering tests—including,
but not limited to, Los Angeles, water absorption, flakiness, elongation, and coating and
stripping evaluations—must be conducted in accordance with the project specifications
for these particular examined aggregates in order to provide definitive validation of the
aggregate’s usability.
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Figure 7. Swat River aggregates” mineralogical composition.

The ability of aggregates to absorb solar radiation (ASR) is influenced by several factors,
including their structural type, silica content, and exposure conditions. Constituents such
as opal (0.50%), cristobalite (1%), chert (3%), strained quartz (5%), and volcanic glass
(3%) have been identified as susceptible to ASR [78]. Conversely, aggregates composed of
dolomite and limestone, which lack reactive elements, do not promote ASR [79].

3.3. Expansion Results of Accelerated Mortar Bar

Figure 8 illustrates the expansion values derived from mortar bars. Each data point
represents the mean value of five identical samples and shows a variation coefficient of less
under 1.6%, well inside the limits of ASTM C1260 [38].
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Figure 8. Expansion results of various tested aggregates.

The procured aggregate specimens were subject to a rigorous 90-day test period in
accordance with ASTM C1260 standard procedures to facilitate a comprehensive exami-
nation of the results. Figure 8 shows the expansion values obtained from the accelerated
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mortar bars, providing insight into the progression of the investigation. As the test period
progressed, the mortar bars exhibited varying degrees of expansion, depending on the
presence of reactive minerals within each aggregate source. Specifically, the Jandol source
exhibited the highest expansion, reaching nearly 0.242% at the 90-day mark, due to the
confirmed presence of reactive minerals, as confirmed by chemical analysis and petro-
graphic examination of the aggregates. Conversely, the Kitkot drain source exhibited the
lowest expansion, registering only 0.096% at 90 days, suggesting its non-reactive character.
Similarly, the remaining aggregate sources—Panjkorha River, Shavey Drain, and Swat
River aggregate sources—exhibited expansions of 0.166%, 0.137%, and 0.113%, respectively,
after a 90-day exposure time under ASR circumstances (Figure 8).

It was possible to observe that the samples produced with Jandol aggregates exhibited
an expansion of 0.116% at the beginning of the 14-day mark, which escalated to 0.215% by
the 28th day. Meanwhile, counterparts using Kitkot, Panjkorha, Shavey, and Swat sources
showed expansions of 0.034%, 0.073%, 0.044%, and 0.041%, respectively, at the initial 14-day
interval. Subsequently, at the end of the 28-day period, these samples showed expansions
of 0.076%, 0.137%, 0.115%, and 0.076%, respectively (Figure 9). With the exception of the
Jandol River aggregates, which differed significantly, the aggregate sources, namely Swat
River, Panjkorha River, Shavey Drain, and Kitkot Drain, showed expansions of less than
0.1% after the initial 14-day period, which increased to less than 0.2% by the 28th day. These
expansions remained well inside the acceptable range given by ASTM C1260 [38]. Notably,
the results of the petrographic examination were consistent across the board, demonstrating
its critical role in predicting outcomes—a sentiment often recommended by researchers.
As required by ASTM C1260 [38], the evaluation of the aggregate sources depended on
their expansion rates, with thresholds set at 0.1% after 14 days and 0.2% after 28 days to
represent Alkali-Silica reactivity. As a result, the tests revealed the presence of reactivity
in one aggregate source (Jandol), thus identifying it as unsuitable for application under
the ASTM C1260 standards. Conversely, sources such as the Swat River, Panjkorha River,
Shavey Drain, and Kitkot Drain demonstrated commendable resistance to Alkali-Silica
reaction, confirming their reliability. Previous research has shown that ASTM C1260 is
more effective with slow-reacting aggregates.
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Figure 9. ASTM C1260 limits for the tested aggregates.
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The narrative conveyed by Figures 10-12, captured through the lens of the SEM, offers
a profound exploration of the intricate interplay between aggregate specimens and their
environment, specifically in the context of the Alkali-Silica Reaction (ASR). Within this
visual description, the eye is drawn to the Jandol aggregates shown in Figure 10, where
microscopic cracks engrave delicate patterns across their surface. These cracks and micro-
cracks, created by the persistent and continuous attack of ASR, reveal the silent struggle
of materials subjected to environmental forces beyond their control. Figures 11 and 12
cast their gaze on specimens from the remaining aggregate sources, Kitkot, Panjkorha,
Shavey, and Swat. Here, the landscape remains unspoiled and unaffected by the scars
of microcracking, a testament to the inherent strength and steadfast resilience of these
materials in the face of adversity.
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Figure 10. SEM images of specimens incorporating Jandol source aggregates at different magnifica-
tions: (a) 50 um (Mag. = 230x); (b) 2 um (Mag. = 5kXx).
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Figure 11. SEM images of specimens incorporating: (a) Kitkot source aggregates; (b) Panjkorha
source aggregate.
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Figure 12. SEM images of specimens incorporating: (a) Shavey source aggregates; (b) Swat
source aggregate.

3.4. ASR Effect on Compressive Strength

Figure 13 displays the compressive strength variation between control samples and
those exposed to ASR. Overall compressive strength data were derived from the mean value
of five samples to ensure robustness, with a coefficient of variation (COV) of under 1.86%.
Notably, the control samples sourced from Jandool River, subjected to water curing, showed
a peak compressive strength of 40.79 MPa, while the corresponding value for Shavey Drain
dropped to a minimum of 25.95 MPa at the 28-day mark. At the 90-day milestone, the
Shavey Drain source showed a marginal improvement, registering a minimum compressive
strength of 27.20 MPa, but still lagging behind the commendable 41.23 MPa achieved by
the Jandool River source.
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Figure 13. Effect of ASR conditions on compressive strength.

Figure 13 illustrates the difference in compressive strength between control specimens
and those exposed to ASR conditions. In particular, it is evident that ASR conditions caused
a reduction in compressive strength across the board. Notably, cubes made from Jandol
River aggregates, which are characterized by highly reactive particles based on petrographic
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examination, suffered the most significant reduction, dropping 8.2% at the 90-day point.
Conversely, samples from the Shavey Drain exhibited a more modest decline, with only a
3.61% reduction in compressive strength at the same interval, due to their comparatively
less reactive particle composition. Following the parameters defined by ASTM C 1260, it
was found that the alternative aggregate sources, Swat River, Panjkorha River, and Kitkot
Drain, exhibited a noticeable decrease in compressive strength. Specifically, reductions of
6.4%, 6.32%, and 5.31%, respectively, were documented at the 90-day mark (Figure 13). Such
declines in strength could likely be attributed to the constrained expansion of the accelerated
mortar bars noted earlier. However, for the Jandol River source, the strength reduction
was manifested with increased severity, a phenomenon possibly caused by the onset of
the ASR. Figure 14 shows the reduction in compressive strength of specimens exposed
to ASR with respect to the control specimens. At an early stage of strength development,
particularly at 3, 7, and 14 days, the diversity in compressive strength between control
and ASR-exposed specimens is almost negligible, and subsequently the reduction in %.
This may be attributed to the minimal or no effect of ASR on the concrete at its early stage
of development because ASR is a slow chemical process. At early stages, the reaction is
still in its initial phase, and the degree of gel formation and subsequently the expansion is
negligible, and in the meantime, the concrete continues to gain strength due to hydration
of cement, which occurs more rapidly. The effect of ASR becomes prominent at the later
stages of concrete development when the concrete matures and ASR gains momentum.
Compared to the other aggregates, the maximum strength reduction at early ages was
observed for specimens containing aggregates from the Jandol River source, possibly due
to the presence of more reactive minerals responsible for ASR; however, the overall impact
at early stages was still less compared to the later stages of strength development.

It is also important to note that the strength loss exhibited an escalating trend over
time, coinciding with the prolonged exposure to ASR conditions. Specifically, the loss of
strength relative to the control mix for the Panjkorha River aggregate source jumped from
2.66% at the 14-day interval to 4.87% by the 56th day, delineating a noticeable weakening
of structural integrity with prolonged exposure. Comparable reductions in compressive
strength have been documented in earlier research. For instance, Munir et al. [37] elucidated
a 22% loss in compressive strength for Mach Hills aggregates under ASR exposure, while
the Tuguwali aggregate experienced a 16% reduction under analogous conditions. Similarly,
Marzouk et al. [39] found a comprehensive 24% decrease in compressive (normal) strength
for concrete after 84 days of exposure to NaOH solution. The current study confirms the
diminishing effect of the ASR on compressive strength and affirms that the more reactive
the aggregate source, the greater the detrimental effect on compressive strength.
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Figure 14. Compressive strength comparison between control and ASR exposed samples: (a) Jandol
river aggregates; (b) Kitkot drain aggregates; (c) Panjkorha river aggregates; (d) Shavey drain
aggregates; (e) Swat river aggregates.

3.5. ASR Effect on Modulus of Rupture

Figure 15 illustrates the discrepancy in flexural strength between the control specimens
and those subjected to ASR circumstances. The reported flexural strength data give a
coefficient of variation (COV) of less than 2.08%, demonstrating the reliability of the results.
As the curing time increased resulting from the ongoing hydration process, an expected
increase in flexural strength was observed. However, the test results reveal a decrease in
flexural strength for prism specimens under ASR conditions in contrast with water cured
specimens. For example, Jandol specimens exhibited flexural strengths of 6.03 MPa and
5.75 MPa after 14 days, for the control and ASR affected samples, respectively. In a similar
way, the flexural strength of Swat source specimens declined by 1.9% after 14 days. This
decrease in flexural strength increased with time. As an example, Kitkot source samples
exhibited a 3.84% decline in flexural strength over 28 days and a 6.80% decrease at 90 days
in reference to identical samples undergoing water curing. According to Figure 14, the
Shavey drain source had the lowest flexural strength at about 5.39 MPa, and the Panjkorha
river source had the highest at approximately 8.43 MPa for the samples cured under water.
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Notably, Jandol aggregates exhibited a significant decrease of 9.2% and showed a flexural
strength of 7.63 MPa under ASR conditions at 90 days, whereas Shavey samples showed the
least decrease of 5.6% at the same time interval and showed a flexural strength of 5.09 MPa.
Therefore, Shavey drain sources showed less strength loss when tested under ASTM
C1260 conditions. Similarly, other aggregate sources tested, namely Swat River, Panjkorha
River, and Kitkot drain, also experienced a decline in flexural strength (5.7%, 6.49%, and
6.8% at 14, 28, and 90 days, respectively) when ASR-affected. Earlier investigations have
also documented reductions in flexural strength caused by ASR exposure. For instance,
Munir et al. [37] experienced a comprehensive loss in flexural strength ranging from 22%
to 34% for samples tested under ASR exposure, while Marzouk et al. [39] described a loss of
up to 24% linked to moderately reactive aggregates. This study reaffirms that ASR lowers
the modulus of rupture, with the degree of reduction correlating with the reactivity of the
aggregate source.
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Figure 15. Comparison of flexural strength variation between control samples and ASR affected samples.

Considering the results obtained through this study, the local aggregates sourced
from the Jandol River were more susceptible to ASR than aggregates from other sources.
This is the point where the ASR mitigation strategies would play their part as discussed
earlier. It is not advantageous, rather disastrous, to use these aggregates with Ordinary
Portland Cement (OPC). One of the most desirable ASR mitigation strategies recommends
using cement containing a lower concentration of alkalis, as the concentration of alkalis
and reactive silica directly influences the ASR development in the concrete. Incorporating
Supplementary Cementitious Materials (SCMs) such as fly ash, slag cement, silica fume,
and natural Pozzolans can also help mitigate the potential of ASR in concrete. Both silica
fume and natural pozzolans, such as volcanic ashes, react with alkalis existing in the cement
to produce a gel that expands less and thereby resists the development of ASR in concrete.
Fly ash also reacts with the alkali to produce a steady gel to mitigate ASR. Other means
of manipulating ASR development in concrete are to lower the water-to-cement ratio and
apply waterproofing agents to prevent the water from accelerating the conditions that
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influence its development; however, detailed evaluation of the concrete mix design and
related parameters should not be disregarded.

As discussed above, the availability of water is essential for the ASR process to
take place, as it acts as the triggering agent for the alkalis to react with reactive silica.
Therefore, the influence of environmental conditions cannot be neglected when discussing
ASR mitigation strategies. Areas prone to high humidity pose a greater risk for the ASR
development in concrete because it renders the availability of moisture that triggers the
degradation process. Usually, in areas that experience heavy rainfall or where there is
high humidity, the concrete structures become vulnerable to ASR damage considering the
presence of other circumstances that fuel the process. Similar is the effect of temperature
that acts as a catalyst to ASR-induced expansion at higher magnitudes since ASR also
depends on temperature for its propagation [79]. This is the reason that the structures
exposed to direct sunlight in warmer regions experience more ASR-induced damage.

4. Conclusions

In this contribution, the ASR potential of previously unstudied aggregates from a
variety of geological sources, including the Panjkorha River, Swat River, Jandol River,
Shavey Drain, and Kitkot Drain, was investigated according to ASTM C1260, on which
limited literature is available. It was an approach towards sustainable development because
ASR is a cancer of concrete that reduces its life span and poses a threat to its duration
in time and general existence. Having knowledge of ASR before construction would
minimize the resource consumption in the future that would likely occur due to ASR-
induced damages. Various investigation techniques, including petrographic analysis,
determination of chemical and physical properties, and influence of Alkali-Silica reaction
(ASR) on mortar bar expansion and its effects on compressive and flexure strength of
cubes and prisms, respectively, were carried out using locally sourced aggregates. It was
intended to assist those involved in the construction industry before implementing them
into large-scale construction methods.

4.1. Main Outcomes of the Study
The performed analysis yielded the following results:

e  Chemical Analysis. The chemical analysis of the cement yielded results that fell within
the prescribed limits of ASTM C114. Specifically, the assessment revealed that the
cement contained 1.2% free lime, which is well within the standard’s limit of no more
than 2% for free lime content in cement. The chemical analysis of the aggregates
complied with both ASTM and European standards. In particular, the Jandol River
and Swat River aggregates had the highest silica content among all the sources, with
values of approximately 94.70% and 92.50%, respectively. In addition, the Loss of
Ignition values were elevated in all aggregates.

e  Physical Analysis. The cement physical characteristics of the conformed to both
ASTM and European (EN) standards. Specifically, the fineness and surface area of the
cement exceeded ASTM specifications at over 90% and 2250 cm?/gm, respectively. In
addition, the autoclave expansion of the cement, as per ASTM C151 [80], remained well
below 0.8%, demonstrating its compliance with established standards. In accordance
with ASTM standards, the physical characteristics of all aggregate sources fell within
the specified parameters. In particular, Jandool River aggregates exhibited superior
resistance to impact, crushing, and abrasion, indicating their robust nature. Conversely,
Kitkot Drain aggregates had the lowest impact and crushing values among the tested
sources, indicating a lower level of durability. Shavey Drain aggregates, conversely,
showed only moderate abrasion resistance.
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e  Petrographic Analysis. Petrographic examination of the aggregates reveals the pres-
ence of reactive minerals, notably peaking at 77% in the Jandool River aggregates,
in contrast to minerals from alternative sources that remain within the conventional
range. As indicated by ASTM C1260, the Jandool River sample exhibited reactivity,
with an expansion of more than 0.2%, while counterparts from other sources exhibited
expansions below this threshold after 28 days.

o  Compression Test and Flexure Test. The decrease in compressive strength due to
ASR exposure varied among samples: Swat River, Panjkorha River, Jandol River,
Kitkot Drain, and Shavey Drain, with decreases of 6.40%, 6.32%, 8.22%, 5.31%, and
3.61%, respectively, at the 90-day mark. The reduction in flexural strength under ASR
exposure varied among different sources: Swat River, Panjkorha River, Jandool River,
Kitkot Drain, and Shavey Drain, exhibiting decreases of 5.7%, 6.49%, 9.2%, 6.8%, and
5.6%, respectively, over the 90-day period.

Based on the above summarized obtained results, aggregates from Kitkot Drain,
Shavey Drain, Panjkorha River and Swat River can be considered less susceptible to ASR
under accelerated circumstances than aggregates from the Jandol River. Therefore, for
aggregates such those sourced from the Jandol River, ASR mitigation strategies like the use
of low-alkali-containing cement and the use of SCMs (including fly ash, slag cement, silica
fume, and volcanic ashes) are to be contemplated.

4.2. Final Observations and Future Developments

One of the key aspects to consider in this kind of scenario is economic feasibility (along
with environmental considerations), which primarily depends on the material and carriage
cost, the behavior of the material in the long run, and its reaction to the environmental
constraints prevailing in the expected zone of their application. It is suggested to evaluate
the aforementioned economic factors along with the chemical and mechanical properties of
the possible alternative materials before being considered for large-scale application in a
practical field.

From a local viewpoint, this research documentation will help construction companies
identify optimal aggregates for concrete construction in the Malakand Division, particularly
in hydraulic structures. It will also aid in decision-making regarding preventive measures
against ASR issues. The study aims to expand regional aggregate sources without mechani-
cal degradation and minimal environmental impact, addressing energy, environmental, and
economic aspects to develop durable materials for sustainable construction. On the other
hand, considering a wider perspective, this study represents the initial step of a method-
ological framework in the context of sustainable development in the construction sector
and the promotion of circular economy. Specifically, it involves a preliminary assessment
aimed at determining whether locally available materials are structurally suitable for the in-
tended applications, considering both the functional requirements of the structures and the
climatic conditions. If the outcome of this initial step is positive (as in the presented study),
subsequent phases will include comprehensive environmental and economic analyses,
also involving comparisons with conventional alternative materials. The environmental
assessments will focus on identifying potential benefits in terms of life cycle analysis, given
that local materials generally entail lower environmental impacts during the early stages
of sourcing and transportation across production, use, and disposal phases. Additional
evaluations will address carbon footprint and pollutant emissions. Economic analyses,
on the other hand, will assess the scalability of production, considering both the initial
availability of raw materials and the potential for their reuse after the end of the first life
cycle, in alignment with circular-economy principles.
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