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Multi-scale petrographic and 
geotechnical characterization of 
Kuldana formation limestone and 
implications for asphalt concrete 
stiffness and fatigue design
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This study evaluates the suitability of Kuldana Formation limestone from Nammal Gorge, Salt Range–
Potwar Basin, Pakistan, for construction and asphalt pavement applications through integrated 
petrographic, geotechnical, durability, statistical, and pavement-performance analyses. Fresh, 
unweathered limestone blocks were collected from intact outcrops and examined using optical 
microscopy and SEM–EDS to identify mineralogical composition, calcite veining, pore structure, vuggy 
porosity, and microfracture characteristics. Standardized EN/ISRM/ASTM-aligned laboratory tests 
were performed to determine mechanical properties, including unconfined compressive strength, 
unconfined tensile strength, point load index, shear strength, and Schmidt rebound, as well as 
physical and durability indicators such as specific gravity, bulk density, porosity, water absorption, 
crushing strength, Los Angeles abrasion coefficient, and freeze–thaw resistance. The limestone 
showed considerable variability, with UCS ranging from 25 to 98 MPa, UTS from 20 to 80 MPa, water 
absorption from 0.30 to 0.72%, specific gravity from 1.67 to 2.88, porosity from 1.13 to 2.78%, LA 
coefficient from 10.31 to 35.20, and freeze–thaw resistance from 14.2 to 60.5. This variability is 
mainly related to calcite veining, pore–fracture connectivity, vuggy porosity, and microcrack density. 
Pearson correlation and regression analyses identified coherent relationships among selected physical, 
mechanical, and durability parameters, while scattered data points reflected defect-controlled 
responses. Pavement-performance assessment of limestone-aggregate high-stiffness asphalt concrete 
mixtures showed that the mixtures can satisfy KR7 fatigue requirements and may support limited 
asphalt-layer thickness optimization, subject to field validation and production quality control. Overall, 
Kuldana Formation limestone shows promising potential as a construction and asphalt pavement 
aggregate.

Keywords  Kuldana formation limestone, Carbonate aggregate, SEM–EDS petrography, Geotechnical 
characterization, Asphalt concrete stiffness modulus, Mechanistic–empirical fatigue assessment

Carbonate rocks, particularly limestones, are among the most widely used geomaterials in construction and 
pavement engineering because they are abundant, relatively easy to quarry and process, and often provide suitable 
mechanical performance as aggregate materials1. In asphalt pavement construction, limestone aggregates are 
commonly used in base, binder, and wearing-course mixtures, where their strength, durability, surface texture, 
abrasion resistance, and moisture susceptibility directly influence the performance of asphalt concrete (AC)2. 
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Therefore, the suitability of limestone for pavement applications should not be evaluated only from a geological 
or rock-mechanics perspective, but also in terms of its influence on mixture stiffness, load distribution, fatigue 
resistance, and long-term pavement serviceability3.

Despite their broad use, limestone aggregates do not exhibit uniform engineering performance. Mechanical 
strength, deformation behavior, abrasion resistance, water absorption, freeze–thaw durability, and long-term 
stability can vary substantially even within the same formation or between different quarry benches4. This 
variability is primarily governed by internal rock fabric, including mineralogy, crystal size, cementation, pore 
structure, calcite veins, stylolites, microcracks, and weak planes5. These microstructural features control stress 
transfer through the carbonate framework and influence the movement of water and aggressive ions through 
the pore–fracture network. In pavement systems, such features are particularly important because they affect 
aggregate breakdown during compaction and traffic loading, binder–aggregate adhesion, moisture damage 
potential, and the capacity of asphalt mixtures to resist fatigue cracking under repeated axle loads6.

From an engineering standpoint, reliable aggregate selection requires more than reporting isolated 
laboratory test values. Standard strength tests such as unconfined compressive strength (UCS), indirect tensile 
strength, point load index, and shear strength provide useful indicators of rock resistance under loading, but 
they do not fully explain the mechanisms responsible for performance variation7. Similarly, durability-related 
indices such as water absorption, porosity, Los Angeles abrasion coefficient, freeze–thaw resistance, crushing 
strength, bulk density, and specific gravity are important because they reflect the resistance of aggregate particles 
to fragmentation, moisture ingress, and environmental deterioration8. These properties are directly relevant 
to pavement engineering because weak or highly porous aggregates may reduce asphalt mixture stiffness, 
increase moisture sensitivity, accelerate fatigue damage, and shorten pavement service life9. Therefore, an 
integrated framework combining petrographic observations, geotechnical testing, and pavement-performance 
interpretation is required for a more realistic evaluation of limestone aggregates10.

Petrographic and microstructural techniques provide an important basis for explaining the engineering 
behavior of carbonate aggregates11,12. Optical microscopy (OM) and scanning electron microscopy (SEM), 
particularly when combined with energy-dispersive spectroscopy (EDS), can identify mineral phases, cementation 
patterns, pore morphology, microfracture distribution, and secondary infill materials13. These observations 
help explain why limestone samples with similar mineral composition may exhibit different strength, abrasion 
resistance, water absorption, and fatigue-related pavement performance14. For asphalt concrete applications, 
this microstructural understanding is important because aggregate texture, internal defects, and pore–fracture 
connectivity influence the aggregate skeleton and the stress–strain response of the mixture under repeated traffic 
loading.

The Salt Range–Potwar Basin in northern Pakistan contains extensive and well-exposed carbonate successions 
and represents an important geological setting for both stratigraphic research and engineering utilization of rock 
resources15. Within this region, the Kuldana Formation includes limestone beds that are widely quarried and 
used in building and infrastructure projects. In the Nammal Gorge area, District Mianwali, limestone exposures 
are readily accessible and represent an economically important aggregate source16,17. Although previous studies 
have reported basic petrographic, physical, or mechanical properties of carbonate rocks, fewer studies have 
established a clear connection between rock-scale properties and pavement-scale performance18. In particular, 
limited attention has been given to linking petrographic fabric and geotechnical indices with asphalt concrete 
stiffness modulus, mechanistic fatigue life, and possible pavement-layer thickness optimization19.

In response to this gap, the present study evaluates Kuldana Formation limestone from both material-
characterization and pavement-engineering perspectives. Fresh, unweathered limestone blocks were collected 
from intact outcrops at Nammal Gorge, with deliberate avoidance of weathered surfaces, altered zones, and 
visibly fractured material to minimize sampling bias20. Sampling locations were documented, and specimens 
were transported to the Key Laboratory of Geotechnical and Underground Engineering, Tongji University, for 
preparation and testing under controlled laboratory conditions. This sampling and handling protocol was adopted 
to ensure that the measured properties reflect intrinsic rock behavior rather than superficial deterioration21.

Petrographic characterization was performed using OM to describe texture, cementation, grain-size 
distribution, porosity, and discontinuity features20. SEM–EDS observations on thin sections and freshly 
fractured surfaces were used to further examine micro-textural characteristics, pore geometry, mineral phases, 
and secondary infill materials22. In parallel, a comprehensive EN/ISRM/ASTM-aligned engineering testing 
program was conducted to determine mechanical strength and index properties, including UCS, Brazilian/
indirect tensile strength, point load index, shear strength, and Schmidt hammer rebound, as well as physical and 
durability-related properties such as specific gravity, bulk density, porosity, water absorption, crushing strength, 
Los Angeles abrasion coefficient, and freeze–thaw resistance23. These measurements provide a structured basis 
for evaluating how limestone fabric and microstructural defects influence macroscopic engineering behavior 
and aggregate durability.

Beyond individual test results, this study evaluates inter-property relationships using Pearson correlation 
and regression-based analysis to identify consistent trends and defect-controlled outliers24. Such relationships 
provide an internal validation of the experimental dataset and support practical aggregate screening, where 
selected physical or mechanical parameters may be used to infer broader performance trends. Outliers are 
considered explicitly because limestone behavior is often controlled by localized defects, such as microcracks, 
veins, and pore–fracture connectivity, which can decouple one property from another25.

The main scientific contribution of this study is the development of an integrated material-to-pavement 
assessment framework for Kuldana Formation limestone. Rather than reporting petrographic or geotechnical 
properties separately, this study links petrographic fabric and defect-controlled features, including calcite veining, 
pore–fracture connectivity, vuggy porosity, and microcracking, with mechanical and durability indicators such 
as UCS, UTS, water absorption, porosity, Los Angeles abrasion coefficient, and freeze–thaw resistance. These 
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material-scale indicators are further connected with asphalt concrete stiffness modulus and mechanistic fatigue 
performance under KR7 traffic conditions. Therefore, the study provides a practical correlation-based basis for 
screening Kuldana Formation limestone as a pavement aggregate and for identifying defect-controlled variability 
that may influence asphalt mixture performance.

Geological setting and sample collection
The Potwar–Salt Range region of northern Pakistan is a well-known fold-and-thrust belt formed by the 
convergence of the Indian and Eurasian plates26. It has complex stratigraphy and deformation, making it 
important for regional tectonic and sedimentary studies. The Salt Range frontal thrust controls the southern 
margin, while local structures are influenced by thrusting and block faulting. The exposed successions include 
Permian carbonates, Triassic limestones, and younger marine sedimentary formations, with clear stratigraphic 
boundaries visible in sections such as Nammal Gorge27.

Fieldwork was conducted in the limestone beds of the Kuldana Formation at Nammal Gorge, District 
Mianwali, Pakistan (Fig.  1). Fresh, unweathered limestone blocks weighing approximately 10–20  kg were 
collected from intact rock faces, while weathered, altered, and highly fractured zones were avoided. Outcrop 
photographs were taken, and sampling locations were recorded using handheld GPS coordinates in WGS84 
decimal degrees. The samples were labelled, sealed to prevent contamination, and transported to the Key 
Laboratory of Geotechnical and Underground Engineering, Tongji University, for further testing.

Materials and methods
Materials
The present study investigated limestone samples from the Kuldana Formation exposed at Nammal Gorge, 
District Mianwali, Pakistan. Figure  2a–i shows the study-area location, representative quarry/outcrop views, 
and sampling photographs. The investigated limestone is generally fine- to medium-grained and is commonly 
used as construction stone in the region.

Fresh, unweathered limestone blocks were collected from intact rock faces, while weathered, altered, and 
highly fractured zones were avoided to ensure representative petrographic and engineering characterization. The 
collected blocks were labelled in the field, transported to the laboratory, and prepared into standard specimens 
and thin sections for petrographic and geotechnical testing.

Figure 1.  The regional location of the Salt Range–Potwar Basin and highlights the Nammal Gorge study area, 
where the limestone beds of the Kuldana Formation were sampled.
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Material and method
Petrographic analysis
Representative samples of limestone of the Kuldana Formation were conducted using petrographic investigations. 
These aims were to record mineralogy, texture, fabric and diagenetic characteristics and to correlate such 

Figure 2.  Kuldana Formation limestone quarry and sampling: (a) regional location map and general view of 
the quarry area; (b,c) exposed quarry/exploitation faces of the Kuldana Formation; (d,e) field sampling from 
fresh, unweathered outcrops; (f,g) representative limestone blocks collected from the Kuldana Formation, (h,i) 
aggregate stockpile at the Kuldana quarry.
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observations with engineering behaviour of the rock. Intact samples were selected and thin sections were 
prepared and examined under optical microscopy (OM), and further under scanning electron microscopy 
(SEM) of the thin sections and freshly cut surfaces in order to further discriminate micro-textural features and 
mineral phases.

Thin-section preparation
The hand samples were sliced in small slabs/chips of about 10–15 mm and impregnated with a resin and put on 
standard glass slides (approximately 25 × 40 mm). The mounted samples were ground and polished gradually 
through a series of abrasive papers until a smooth, uniform surface was obtained, one fit to be observed under the 
microscope and to undergo micro-analysis of the nature of the petrographic analysis. The end finish was made 
in a manner that reduced the polishing artefacts and helped to identify grains, pores, cement, and microcracks 
clearly.

Optical microscopy (OM)
Thin sections were also observed through polarizing optical microscopes (e.g. Nikon Eclipse 100 and Nikon 
E600POL) that are fitted with digital cameras. Petrographic descriptions concentrated on the grain size and 
sorting, the shape/roundness of the grains, the characteristics of the matrix and the cement, the type and location 
of the pore, and the signs of diagenetic alteration or secondary mineralization. Photomicrographs were recorded 
at the right magnifications (up to the order of 50×) to record representative textures and features.

Scanning electron microscopy (SEM)
Seminars were having been analyzed using a JEOL JSM-6380LA equipped with an EDS detector (Bruker 
X-Flash series). The imaging was performed mostly in the backscattered electron (BSE) mode within the high 
magnification range (approximately 50 to 3500×) to identify phases, which utilized the atomic number contrast 
to differentiate between them and assess the microstructure. The morphology and chemical composition of 
mineral grains and cements were focused in the SEM work, on both fractured surfaces and on thin sections. The 
common operating conditions were the working distance of about 10 mm, accelerating voltage of 20 kV and a 
beam current of about 60 mA. The EDS spot analyses were obtained with a counting time of approximately 100 s 
in the low-vacuum (~ 35 Pa) conditions and data were recorded in the absence of conductive coating to eliminate 
any interference of carbon/gold films. Mineral compositions were brought into 100 per cent (without structural 
water where necessary) and thus they are considered semi-quantitative.

Fig. 2.  (continued)
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Engineering analyses
Geotechnical properties
A detailed program of standardized laboratory tests was conducted on representative Kuldana Formation 
limestone specimens to evaluate their engineering suitability for construction and pavement applications. The 
testing program included mechanical strength tests, such as unconfined compressive strength (UCS), unconfined 
tensile strength (UTS), point load index, shear strength, and Schmidt hammer rebound. Physical and durability-
related tests were also performed, including specific gravity, bulk density, porosity, water absorption, crushing 
strength, Los Angeles abrasion coefficient, and freeze–thaw resistance28,29.

All tests were performed following internationally accepted standards and guidelines, including relevant EN 
standards, ASTM procedures, and ISRM Suggested Methods, where applicable. A summary of the geotechnical 
and durability tests, measured characteristics, adopted standards/guidelines, and purpose of each test is 
provided in Table 1. Water absorption was included because it reflects pore–fracture connectivity and moisture 
susceptibility, which can influence weathering, durability, and long-term pavement performance.

To clarify the specimen notation used in the Results section, the limestone samples were coded as A1–A6. 
Each code represents a representative limestone block/specimen group collected from the Kuldana Formation at 
Nammal Gorge. Where replicate specimens were prepared from the same sample group, lowercase letters were 
used, such as A1(a), A1(b), and A1(c). The same coding system was used throughout the mechanical, physical, 
and durability testing program. The sample coding and testing program are summarized in Table 2.

Sample preparation and testing conditions
Standard test specimen’s fresh limestone blocks were refined into the standard test specimens in adherence to the 
ISRM/ASTM recommendations30. UCS testing was carried out on cylindrical core specimens with the diameter 
of about 50 mm and length to diameter ratio was 2.0–2.5. In the case of Brazilian tensile testing, disc specimens 
were made with a ratio of thickness to diameter of about 0.5. Core and irregular pieces were tested by means of 
point load tests, and the results were taken in terms of an equivalent diameter of 50 mm. Specimens were all cut 
with a diamond saw, and ground to smooth, flat and parallel loading surfaces. A rate that was adjusted to the 
accepted standards was used in the mechanical loading at room temperature31. In the case of Schmidt hammer 

Sample code Sample description Sample description Tests performed

A1 Representative limestone specimen group 
from the Kuldana Formation A1(a), A1(b), A1(c), where applicable

UCS, UTS, water absorption, 
specific gravity, porosity, 
Schmidt hammer rebound, 
point load index, shear 
strength, bulk density, crushing 
strength, LA abrasion, and 
freeze–thaw resistance

A2 – A2(a), A2(b), A2(c), where applicable Same testing programme as A1

A3 – A3(a), A3(b), A3(c), where applicable –

A4 – A4(a), A4(b), A4(c), where applicable –

A5 – A5(a), A5(b), A5(c), where applicable –

A6 – A6(a), A6(b), A6(c), where applicable –

Table 2.  Sample coding and testing programmed for Kuldana Formation limestone.

 

Test Measured characteristic Standard / guideline used Purpose in this study

Unconfined compressive strength Compressive strength, UCS ASTM D7012 / ISRM Suggested Methods / 
EN 1926

To evaluate compressive load-bearing capacity of 
limestone

Unconfined tensile strength UTS, MPa ASTM / ISRM Suggested Methods To evaluate tensile resistance and crack-initiation behavior

Water absorption test Water absorption, % EN 13,755 To evaluate moisture uptake and pore–fracture 
connectivity

Specific gravity test Specific gravity, Gs EN 1936 / ASTM-based procedure To evaluate density-related material quality

Porosity test Porosity, % EN 1936 / ASTM–ISRM procedure To assess pore structure and durability susceptibility

Schmidt hammer test Rebound number ASTM / ISRM recommended procedure To assess near-surface hardness and strength variability

Point load test Point load index, Is ISRM Suggested Methods To estimate strength variability using core or irregular 
specimens

Shear strength test Shear strength, MPa Mohr–Coulomb criterion / relevant rock shear 
method To evaluate resistance to shear failure

Bulk density test Bulk density, g/cm3 EN 1936 To determine compactness and mass–volume relationship

Crushing strength test Crushing strength, MPa Relevant aggregate crushing test standard To assess resistance to crushing and fragmentation

Los Angeles abrasion test LA coefficient, % Los Angeles abrasion test To evaluate abrasion and wear resistance for pavement use

Freeze–thaw resistance test Freeze–thaw mass loss / 
resistance, % EN 1367–1 or relevant freeze–thaw method To assess durability under cyclic environmental exposure

Table 1.  Summary of geotechnical and durability tests conducted on Kuldana Formation limestone.
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testing, ten rebounds of each surface and the average was recorded. Specimen testing (dry) and conditioning/
saturation testing was done.

Strength behaviour following saturation with water and NaCl
To determine the stability over the conditions of moisture and salt exposure relevant to actual service conditions, 
the strength tests were re-run after the samples were saturated in the distilled water and sodium chloride (NaCl) 
solutions. This conditioning replicates situations like humid conditions, saline ground water, coastal effects 
or salty polluted surroundings. A guideline-based method (WT-1 Technical Guide with slight modifications) 
was used with the samples being dried first to a constant mass and subsequently immersed to the complete 
extent to obtain a uniform saturation with either distilled water, or 4% and 10% NaCl solutions (by mass). 
Saturation was followed by surface drying of specimens and retest to measure strength changes with respect to 
the untreated (dry) condition32. Besides this, microstructural and compositional variations linked with moisture 
uptake and salt ingress were determined by observing SEM–EDS, which helped to interpret the mechanisms 
that controlled the process of durability. Three replicate specimens were subjected to each conditioning state to 
improve consistency.

Evaluation of asphalt concrete (AC) with limestone aggregate

(i)	 Stiffness-modulus

The stiffness modulus of the limestone-aggregate AC mixtures was determined using beam specimens subjected 
to repeated bending under controlled strain conditions using a fatigue testing device. During each test, the 
applied load, mid-span deflection, phase angle, number of load cycles, and the corresponding tensile stress–strain 
response were recorded and used to compute the stiffness modulus. To ensure consistency and comparability, all 
measurements were performed under sinusoidal loading at fixed test conditions: 10 °C temperature, 5 Hz loading 
frequency, and a controlled strain amplitude of 40 µm/m. High-stiffness asphalt concrete (HSM) mixtures were 
evaluated following the procedure outlined in Appendix A of Regulation No. 54 issued by GDDKiA, which 
serves as the national annex to the relevant European standard33.

(ii)	 Fatigue resistance

Fatigue performance of the limestone-aggregate AC mixtures was assessed using the Mechanistic–Empirical 
Pavement Design Guide (MEPDG) framework34. The pavement response (stress, strain, and displacement) was 
calculated using a multilayer elastic analysis in which traffic loading is represented as a uniformly distributed 
vertical pressure applied over a rectangular tyre–pavement contact area. Continuity of displacements was 
enforced at the interfaces between adjacent layers, and the bottom boundary of the system was assumed fixed 
against vertical settlement. Each layer was defined by its thickness (Hk), Young’s modulus (Ek), and Poisson’s 
ratio (νk). The software then computed stress–strain states at layer boundaries (noting small discontinuities 
across interfaces), allowing fatigue durability to be estimated under realistic traffic loading over the design 
period. The adopted loading configuration is shown in Fig. 3.

The mechanistic calculations were performed under the following assumptions. Traffic inputs correspond 
to KR7, with a cumulative demand of 50 million standard 100-kN axles per lane over a 20-year design period. 
The wheel loading parameters were defined as follows: wheel load = 45.0 kN, contact pressure = 0.85 MPa, and 
loaded contact area = 0.0589 m2. The load was applied as a uniformly distributed vertical pressure over the tyre–
pavement contact area, with the load axis taken along the vertical z-direction, as shown in Fig. 3.

Flexible pavement structures incorporating limestone-based high-stiffness asphalt concrete (AC-HSM) 
mixtures with different nominal maximum aggregate sizes were evaluated. The limestone-based mixtures 

Figure 3.  Schematic illustration of the multilayer pavement loading model adopted in the analysis.
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considered in this study included 16 mm and 22 mm gradations. The baseline layer configuration was adopted 
from the Catalogue of Typical Structures of Flexible Pavements for traffic class KR7, representing a standard 
flexible pavement system used in practice35.

Subgrade support conditions were defined using the G1 bearing-capacity class, characterized by a Young’s 
modulus of E = 75  MPa and Poisson’s ratio of ν = 0.30. The broader G1–G4 classification reflects variations 
in subgrade material and condition, including groundwater effects, swelling susceptibility, and roadbed 
characteristics, as described in the Catalogue of Typical Structures of Flexible and Semi-Rigid Pavements. Two 
design alternatives were analysed: (i) a case in which the AC-HSM layer thickness was taken directly from 
the catalogue, and (ii) a case in which the AC-HSM thickness was adjusted to achieve the required fatigue 
performance.

Statistical evaluation of aggregate properties
To examine how lithology and selected physico-mechanical aggregate properties influence resistance to freeze–
thaw weathering and crushing, datasets were assembled for 68 limestone aggregate samples. All laboratory tests 
were performed at the Key Laboratory of Geotechnical and Underground Engineering, Tongji University.

The statistical workflow comprised several steps. First, Pearson correlation coefficients (R) were calculated 
between relevant variables using the full datasets, and correlation matrices were generated in Microsoft Excel 
(Analysis Tool Pak). To limit the influence of extreme values, the upper and lower 5% of the dolomite dataset and 
the upper and lower 15% of the limestone dataset were removed prior to subsequent analysis.

After trimming, repeated values of the independent variable (X) were grouped and the corresponding 
dependent variable (Y) values were averaged to obtain a smoothed dataset. The averaged results were then 
used to produce scatter plots together with best-fit trend lines. Correlation strength was interpreted using the 
following scale: faint (0.0 < R < 0.2), poor (0.2 < R < 0.4), average (0.4 < R < 0.6), high (0.6 < R < 0.7), very high 
(0.7 < R < 0.9), almost full (0.9 < R < 1.0), and full (R = 1.0). Supporting methodological references were accessed 
through Tongji University Library resources.

Results and discussion
Petrography of the Kuldana limestone formation
The Kuldana Formation limestone is a carbonate rock that is dominated by micrite, sparry calcite (sparite), and 
secondarily by quartz with minor amounts of opaque minerals. According to modal petrographic estimates, 
micrite normally occupies 16.6–23.8%, sparry calcite occupies 3.0–6.8% percent, quartz occupies 3.5–10.9% 
and opaques occupies 0.2–4.5% of the observed phases. This assemblage of minerals is in keeping with a calcite-
based limestone with little siliciclastic contribution.

Petrographically, the limestone exhibits a mud-supported micritic fabric with sparry calcite cement, forming 
a characteristic texture comparable to packstone. Quartz is found in both strained and unstrained grains; in 
concrete, the strained component can be important as far as possible alkali-silica reactivity (ASR) is concerned. 
The primary porosity is usually very low (usually less than 1 percentage) on the limestone, with the rest of the 
void space being attributed to fractures and vuggy pores, which may control the movement of moisture and 
hence affect service life. Medium- to coarse-grained calcite growth is quite common when local recrystallization 
occurs, and the stylolites can also be a source of pressure-solution structures, each of which can locally reduce 
the strength of the rock fabric and cause variability in strength36.

Also, the mechanical behavior of the limestone can be influenced by microfractures and fine discontinuities, 
most of which are partly occupied by sparry calcite and, in locations, minor quantities of quartz37,38. These 
features may serve as preferential crack start directions during loading, and may lead to decreased resistance 
to stress concentration, especially at discontinuities that cross load-bearing regions. Such petrographic and 
microstructural features agree with the engineering behavior where the discussion about (Fig. 4a,o) is concerned, 
indicating that the performance at the bulk mineralogy level only affects the durability and the strength 
performance, but the fabric-scale defects and pore-fracture connectivity also contribute to it.

The microscale structure and elemental/chemical aspects of the carbonate crystals were observed by SEM that 
shed light into the process of diagenetic modulation which may take place during the geological transformation 
of carbonate rocks. SEM images of (Fig. 4m,n) show various characteristics of change that include:

i.	 A small, thick outer rim and extremely low porosity and lack of the bright white patch textures that are usu-
ally interpreted as traces of the original limestone structure.

ii.	 Intercrystallite pores (usually sporadic, 2 m) that are larger in size, but much less common than finer ones 
in the inner parts of the crystals.

iii.	 There are also large volumes of micro-pores (approximately 6–0.5 m) localized in the crystal cores; these 
pores are mostly solitary and not hydraulically interlinked.

iv.	 Occurrence of regular and irregular cavities which are locally filled with secondary mineralizations indicat-
ing fluid activity after deposition.

v.	 Periodic light relict features in the darker matrix, which are taken to be remnants of the original material 
(carbonate).

Geotechnical properties
Table 3 and Fig. 5 show the summarized laboratory results, which is an overview of the measured geotechnical 
properties of the tested aggregate materials. Such datasets make it possible to compare directly the most 
important physical, mechanical and durability indicators of the aggregate types. The results of the individual tests 
are interpreted in the following subsections, pointing out the main trends and differences that were observed and 
what they meant when putting the system to the test under conditions of real service and loading.

https://www.nature.com/scientificreports


Scientific Reports |        (2026) 16:31989 9| https://doi.org/10.1038/s41598-026-61740-y

www.nature.com/scientificreports

Unconfined compressive strength (UCS)
The unconfined compressive strength (UCS) of the Kuldana Formation limestone specimens (A1–A6) varies 
from 25 MPa (e.g., A1(b), A2(b), A5(b), and A6(a)) to 98 MPa (A5(c)), as shown in Fig. 5a. Higher UCS values are 
observed in A4 (55–90 MPa) and A5(c) (98 MPa), while A6 shows moderate strength (25–69 MPa). The scatter 
within some groups (e.g., A1 and A5) indicates heterogeneity in the rock fabric, likely related to differences in 
microcracking, veining/cementation, and local pore fracture distribution, which influence compressive failure 
behaviour.

The UCS test was conducted following ASTM D7012 (Method C) and aligned with the ISRM Suggested 
Methods. UCS was calculated using Eq. (1):

	
σc = P

A
� (1)

where σc is the unconfined compressive strength (MPa), P  is the applied load (N), A is the cross-sectional area 
(m2).

Unconfined tensile strength (UTS)
The unconfined tensile strength (UTS) values of the Kuldana Formation limestone specimens (A1–A6), 
determined using the Brazilian splitting method, are presented in Fig. 5b. After rechecking the raw data and unit 
conversion, the UTS values range from 20 MPa for A1(a) to 80 MPa for A4(c) and A5(c). A1 shows the lowest 
tensile capacity, ranging from 20 to 30 MPa, whereas A4 exhibits comparatively higher values, ranging from 
60 to 80 MPa. Intermediate values are observed for A2 and A3, while A5 and A6 show greater variability. This 
variation indicates differences in tensile resistance and crack-initiation behaviour, which may be related to local 
fabric heterogeneity, calcite veining, microcracking, and pore–fracture connectivity.

Parameter (unit) Min Max Mean SD

Unconfined compressive strength (MPa) 25 98 53.06 25.30

Unconfined Tensile Strength (MPa) 20 80 44.89 18.81

water absorption (%) 0.30 0.72 0.541 0.118

Specific gravity (Gs) 1.674 2.876 2.5318 0.2973

Porosity (%) 1.131 2.782 1.9383 0.4902

Schmidt hammer rebound 30.2 51.0 42.57 5.89

Point Load Index (Is) 0.284 2.685 1.5651 0.9253

Shear Strength (MPa) 0.232 2.685 1.6608 0.8816

Bulk density (g/cm3) 1.641 2.871 2.5007 0.2906

Crushing Strength (MPa) 1.112 2.544 1.8401 0.5457

Los Angeles (LA) coefficient (%) 10.31 35.20 22.93 7.81

Freezing–thawing resistance (%) 14.20 60.50 39.64 13.26

Table 3.  Statistical summary of geotechnical properties of Limestone aggregates.

 

Figure 4.  The modal mineralogical composition, and the corresponding petrographic and SEM 
microstructural features are presented in Appendix Fig. 9.
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Figure 5.  Distribution histograms of the physico-mechanical properties of Kuldana Formation Limestone. 
(a) Unconfined compressive strength (UCS). (b) unconfined tensile strength (UTS). (c) water absorption. (d) 
Specific Gravity. (e) Porosity. (f) Schmidt hammer rebound. (g) Point load. (h) Shear Strength. (i) Bulk Density. 
(j) Crushing Strength. (k) Los Angeles (LA) coefficient. (l) Freezing–thawing resistance.
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The tensile strength test was performed following relevant ASTM/ISRM recommended procedures using the 
Brazilian splitting method. The tensile strength was calculated using Eq. (2):

	
σt = 2P

πDL
� (2)

Fig. 5.  (continued)

 

https://www.nature.com/scientificreports


Scientific Reports |        (2026) 16:31989 12| https://doi.org/10.1038/s41598-026-61740-y

www.nature.com/scientificreports

where σtisthe unconfined tensile strength (MPa), P is the applied load (N), D is the specimen diameter (m), and 
L is the specimen thickness/length (m).

Fig. 5.  (continued)
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Water absorption
The water absorption of the Kuldana Formation limestone specimens (A1–A6) ranges from 0.30 (A2(c)) to 
0.72% (A3(c)), as shown in Fig.  5c. The highest absorption values occur in A3 (0.50–0.72%) and A4 (0.60–
0.68%), whereas A5 shows comparatively lower absorption (0.36–0.54%). A1 and A6 display moderate values 
(A1: 0.47–0.63%; A6: 0.46–0.54%), while A2 exhibits the widest scatter (0.30–0.61%). Overall, the variation 
in water absorption likely reflects differences in pore–fracture connectivity and microcracking, which are key 
controls on durability and moisture-related performance of the limestone in engineering applications.

Water absorption at atmospheric pressure was determined in accordance with relevant standards (e.g., EN 
13,755) and calculated using Eq. (3):

Fig. 5.  (continued)
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Water Absorption (%) = W1 − W3

W3
× 100� (3)

where W1isthe Weight in water (g), W3isthe Oven-dried weight (g).

Specific gravity
The specific gravity (Gs) values of the Kuldana Formation limestone specimens are shown in Fig.  5d. After 
rechecking the raw measurements and calculation procedure, most specimens show Gs values within the 
expected range for calcite-dominated limestone, approximately 2.45–2.88. The highest values were recorded for 
the A4 group, including A4(a) = 2.841 and A4(c) = 2.876, as well as A3(a) = 2.832. These values indicate a dense 
carbonate fabric and generally competent limestone material.

The previously reported low value for A2(a) was rechecked because it was inconsistent with typical limestone 
specific gravity. This value was found to reflect a reporting/calculation inconsistency, most likely related to 
confusion between bulk density and specific gravity. Therefore, the specific gravity and bulk density results 
are now reported separately to avoid misinterpretation. In engineering terms, higher specific gravity generally 
indicates denser carbonate material, whereas lower apparent values may indicate increased void content, 
microcracking, or calculation/reporting inconsistency. Specific gravity was calculated using Eq. (4):

	
SG = Wa

Wa − Ws
� (4)

where Wa is the weight of the sample in air, Ww ​ is the loss of weight of the sample when submerged in water.

Porosity
Porosity values for the Kuldana Formation limestone specimens are shown in Fig. 5e. The measured porosity 
ranges from 1.131% to 2.782%, indicating a generally compact and low-porosity carbonate fabric. The highest 
porosity is recorded for A1(c) = 2.782%, followed by A4(b) = 2.321%, whereas the lowest value is observed for 
A3(c) = 1.131%. Most specimens show porosity values between approximately 2.1% and 2.3%, while a few 
specimens, such as A2(b), A3(c), A5(a), A5(c), and A6(b), show comparatively lower porosity values close to 
1.1–1.3%. Overall, the variation in porosity suggests differences in pore structure, microcracking, and local 
fabric heterogeneity, which may influence moisture ingress, durability, and mechanical performance.

Porosity was determined following standard procedures, such as EN 1936 / ASTM–ISRM, and calculated 
using Eq. (5):

	
Porosity = W1 − W2

W1 − W3
� (5)

where W1 = Weight in air (g), W2 Weight in water (g),W2​ = Weight in water (g), W3​ = Oven-dried weight (g).

Schmidt hammer rebound
The Schmidt hammer rebound values of the Kuldana Formation limestone specimens are presented in Fig. 5f. 
The rebound number varies from 30.2 (A1(a)) to 51.0 (A5(c)), indicating moderate variability in near-surface 
hardness among the tested samples. Higher rebound values are observed for A5(c) = 51.0 and A2(b) = 50.3, while 
lower values occur for A5(b) = 32.3 and A5(a) = 35.8. Most specimens cluster within approximately 42–46 (e.g., 
A3 and A4 groups), suggesting broadly comparable surface stiffness for these samples.

Overall, the scatter particularly within A5 is consistent with local heterogeneity in fabric (microcracking, 
veining/cementation, and pore–fracture distribution), which can influence rebound response and contribute to 
variability in strength-related behaviour.

Schmidt hammer testing was carried out following relevant ASTM/ISRM recommended procedures, and the 
reported rebound number for each specimen was calculated as the mean of multiple impacts (typically n ≥ 10) 
in Eq. (6):

	
R = 1

n

n∑
i=1

Ri� (6)

where R is the average rebound number (dimensionless), Ri​ is the i-th rebound reading, and n is the number 
of impacts.

Point load index
Point load results for the Kuldana Formation limestone are shown in Fig. 5g. Values range from 0.284 (A6(c)) to 
2.685 (A5(b)), indicating substantial variability among specimens. High values are observed for A2(a) = 2.672, 
A2(c) = 2.680, A4(b) = 2.589, and A5(b) = 2.685, whereas low values occur for A3(b) = 0.323, A3(c) = 0.334, and 
A6(c) = 0.284. Overall, the scatter suggests heterogeneity in the rock fabric (e.g., microcracking/veining and local 
pore–fracture effects), which can control crack initiation and reduce point load resistance.

Point load testing was performed following ISRM suggested methods, and the size-corrected index Is was 
calculated using Eq. (7):
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Is = P

D2
e

� (7)

where Is is the point load strength index (MPa), P  is the failure load (N), and De​ is the equivalent core diameter 
(mm).

Shear strength
The shear strength results for the Kuldana Formation limestone specimens are presented in Fig.  5h. Values 
range from 0.232 (A3(a)) to 2.685 (A5(b)), showing clear variability among samples. Higher shear strength is 
observed for A5 (2.451–2.685) and A1(b–c) (2.234–2.560), whereas lower values occur for A2(b) = 0.251 and 
A3(a) = 0.232. Overall, samples with higher shear strength indicate more intact and better-cemented material, 
while lower values likely reflect weakness controlled by microcracking or local discontinuities.

This scatter likely reflects differences in fabric and discontinuities (microcracks/veins) that control shear 
resistance. Shear strength was evaluated using the Mohr–Coulomb form in Eq. (8):

	 τ = c + σ · tan (∅)� (8)

where τ is the Shear Strength (MPa), c is the cohesion (MPa), σ is the normal Stress (MPa), ∅ is the Angle of 
internal friction (degrees).

Bulk density
Bulk density values for the Kuldana Formation limestone specimens are presented in Fig. 5i. The measured bulk 
density ranges from 1.641 g/cm3 for A2(a) to 2.871 g/cm3 for A4(c), indicating generally dense carbonate material 
with some variability among the tested specimens. The highest bulk density is recorded for A4(c) = 2.871 g/cm3, 
followed by A4(a) = 2.829 g/cm3, A3(a) = 2.813 g/cm3, and A5(b) = 2.766 g/cm3. In contrast, comparatively lower 
values are observed for A2(a) = 1.641 g/cm3, A6(c) = 2.170 g/cm3, and A1(b) = 2.234 g/cm3.

Overall, the variation in bulk density reflects differences in pore structure, mineral compactness, and internal 
fabric heterogeneity. Higher bulk density generally indicates lower void content and a more compact rock fabric, 
which may contribute to improved durability and mechanical strength. Bulk density was determined using 
Eq. (9):

	
P = M

V
� (9)

where P is the Bulk Density (g/cm3) M is the Mass of the sample (g) V is the Volume of the sample (cm3).

Crushing strength
Crushing strength results for the Kuldana Formation limestone specimens are presented in Fig. 5j. Values range 
from 1.112 (A6(c)) to 2.544 (A2(a)), indicating moderate variability among the tested samples. The highest 
crushing strength is recorded for A2(a) = 2.544, whereas lower values occur for A6(c) = 1.112, A3(b) = 1.121, and 
A5(c) = 1.134.

Overall, the scatter suggests local heterogeneity in fabric (microcracks/porosity and cementation), which 
can influence resistance to crushing under compressive contact stresses. Crushing strength was calculated using 
Eq. (10):

	
σc = P

A
� (10)

where σc is the Crushing Strength (MPa), P is the applied Load at Failure (N), A is the Cross-sectional Area of 
the Sample (mm2).

Los Angeles (LA) coefficient
Los Angeles (LA) coefficient values for the Kuldana Formation limestone are shown in Fig. 5k and range from 
10.31 (A2(c)) to 35.20 (A6(a)). Lower values (e.g., A2(c) = 10.31 and A4(c) = 10.40) indicate better abrasion 
resistance, whereas higher values (e.g., A6(a) = 35.20 and A1(a) = 32.10) suggest greater susceptibility to wear. 
The scatter within some groups reflects material heterogeneity that can affect aggregate durability.

Overall, samples with higher LA values may be less suitable for high-traffic pavement or heavy-duty aggregate 
applications where abrasion resistance is critical. The LA coefficient was calculated using Eq. (11):

	
LA (%) = M1 − M2

M1
× 100� (11)

where M1​ is the initial dry mass and M2​ is the dry mass retained after the LA test (same size fraction).

Freezing–thawing resistance
Freezing–thawing resistance results for the Kuldana Formation limestone specimens are presented in Fig. 5l. 
Values range from 14.20 (A6(b)) to 60.50 (A1(a)), indicating substantial variability in resistance among samples. 
The highest resistance is observed for A1(45.60–60.50) and A4(a) = 60.11, whereas lower values occur for 
A4(c) = 25.40, A2(c) = 30.30, and A6(b) = 14.20. The scatter within several groups (e.g., A4 and A6) suggests 
heterogeneity in fabric and durability-related features (microcracking and pore connectivity), which can govern 
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mass loss and deterioration under cyclic freezing and thawing. Freezing–thawing resistance (reported as mass 
loss) was calculated using Eq. (12):

	
FT (%) = Mo − Mn

Mo
� (12)

where FT is the freezing–thawing mass loss (%), M0​ is the initial dry mass before cycling, and Mn is the dry 
mass after n freeze–thaw cycles.

Inter-property relationships and validation trends
To strengthen the statistical interpretation of the geotechnical dataset, Pearson correlation analysis was 
supplemented with simple linear regression for selected property pairs. For each regression model, the coefficient 
of determination (R2), root mean square error (RMSE), and statistical significance level were evaluated to assess 
the strength, prediction error, and reliability of the observed relationships. A significance level of p < 0.05 was 
considered statistically meaningful. The regression equations and statistical indicators are summarized in Table 
4, while the corresponding scatter plots and fitted trend lines are shown in Fig. 6.

Outlier treatment was also revised to avoid arbitrary data removal. Data points were not excluded only on 
the basis of fixed percentage trimming39,40. Instead, potential outliers were assessed based on their deviation 
from the main regression trend and their consistency with petrographic evidence of defect-controlled behavior, 
including calcite veining, microcracking, vuggy porosity, and pore–fracture connectivity. Therefore, the excluded 
or separated data points are interpreted as localized defect-controlled responses rather than representative 
formation-scale trends.

A strong positive relationship was observed between unconfined compressive strength (UCS) and unconfined 
tensile strength (UTS) (Fig.  6a; R2 = 0.93), indicating that specimens with higher tensile resistance generally 
also showed higher compressive strength. This relationship reflects the influence of intact fabric continuity and 
cementation on both compressive and tensile failure behavior. However, scattered points are likely related to 
local defects such as microcracks and calcite-filled discontinuities, which can reduce tensile resistance more 
strongly than compressive resistance.

The relationship between specific gravity and water absorption also showed a clear trend (Fig. 6b; R2 = 0.80), 
suggesting that density-related fabric characteristics influence moisture uptake. Lower-density specimens 
generally showed higher water absorption, which may be associated with greater pore–fracture connectivity and 
vuggy porosity. This relationship is important for durability assessment because higher absorption may increase 
susceptibility to moisture ingress, salt attack, and freeze–thaw deterioration42.

The Schmidt hammer rebound and shear strength relationship showed a positive regression trend (Fig. 6c; 
R2 = 0.81), indicating that near-surface hardness can provide a useful preliminary indicator of shear resistance. 
Nevertheless, scatter in this relationship suggests that rebound values may be affected by surface condition, local 
microcracking, and mineralogical heterogeneity. Therefore, Schmidt rebound should be considered a supporting 
index rather than a replacement for direct strength testing.

A strong relationship was also observed between porosity and point load index (Fig. 6d; R2 = 0.93). This trend 
suggests that pore structure and internal void distribution strongly influence localized failure under concentrated 
loading. Specimens with higher porosity or connected pore–fracture networks tend to show reduced resistance to 
point loading, which supports the interpretation that pore-scale fabric exerts a major control on index strength.

For durability-related behavior, crushing strength and freeze–thaw resistance showed a strong association 
(Fig.  6e; R2 = 0.94), indicating that specimens with stronger and better-cemented fabrics are generally more 
resistant to cyclic environmental degradation. Similarly, the relationship between Los Angeles abrasion coefficient 
and bulk density (Fig. 6f; R2 = 0.84) suggests that denser limestone specimens tend to exhibit improved resistance 
to abrasion and fragmentation. This trend is relevant to pavement applications because aggregate abrasion 
resistance directly affects long-term performance under compaction and repeated traffic loading.

To further support the interpretation, petrographic observations were used in a semi-quantitative manner by 
classifying visible defect intensity as low, moderate, or high based on the presence of microcracks, calcite veins, 
vuggy pores, and pore–fracture connectivity. Specimens with higher defect intensity generally corresponded to 
greater scatter in mechanical and durability indices43. However, because detailed image-based quantification of 
microfracture density was not performed for all specimens, the petrographic indices are used here as interpretive 
support rather than as independent regression variables. Overall, the combined regression and petrographic 
interpretation provides a stronger basis for distinguishing internally consistent material trends from localized 
defect-controlled variability.

Relationship Regression model R2 RMSE p-value

UCS–UTS y = ax + b 0.93 - -

Specific gravity–water absorption – 0.80 – –

Schmidt rebound–shear strength – 0.81 – –

Porosity–point load index – 0.93 – –

Crushing strength–freeze–thaw resistance – 0.94 – –

LA coefficient–bulk density – 0.84 – –

Table 4.  Regression models and statistical indicators for selected geotechnical-property relationships.

 

https://www.nature.com/scientificreports


Scientific Reports |        (2026) 16:31989 17| https://doi.org/10.1038/s41598-026-61740-y

www.nature.com/scientificreports

Stiffness modulus and fatigue durability of asphalt concrete mixtures with limestone 
aggregate
The stiffness modulus results for asphalt concrete (AC) mixtures incorporating limestone aggregate are 
presented in Table 5 and Fig. 7. The limestone-based mixtures showed a generally consistent stiffness response, 
although the measured modulus values varied depending on aggregate gradation and mixture structure44,45. In 
the limestone mixture group, mixtures with smaller nominal maximum aggregate size showed slightly higher 

Figure 6.  Relationships among geotechnical properties of carbonate aggregates: (a) UCS–UTS; (b) specific 
gravity–water absorption; (c) Schmidt hammer rebound and shear strength; (d) Porosity and Point load; (e) 
Crushing strength test and Freezing thaw resistance; and (f) Los Angeles (LA) coefficient and Bulk density.
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stiffness compared with coarser gradations, indicating that gradation, particle packing, and aggregate skeleton 
structure influence the load-carrying response of the AC mixture46,47.

Using the experimentally measured stiffness modulus values together with the structural layer thicknesses 
specified in the pavement design catalogue, the limestone AC mixtures were evaluated for fatigue performance 
under KR7 traffic conditions. The results indicate that the limestone mixtures can satisfy, and in some cases 
exceed, the fatigue durability requirement associated with the KR7 design standard, corresponding to 50,000,000 
standard 100-kN axle loads per lane over a 20-year design period. The comparison between catalogue-based 
thicknesses and calculated fatigue durability/thickness demand is summarized in Table 6.

In addition, the mechanistic assessment suggests that limestone AC mixtures may support pavement 
structure optimization. Depending on the mixture configuration, a limited reduction in pavement thickness 
may be achievable relative to the catalogue recommendation while still satisfying the KR7 fatigue criterion. 
However, this potential thickness optimization should be interpreted cautiously because it depends on mixture 
stiffness, aggregate quality, compaction, traffic loading, climate, and field performance conditions.

The propagation of aggregate variability into pavement performance was considered through the measured 
mixture stiffness and durability-based interpretation of the limestone aggregate. Variations in petrographic 
fabric, porosity, microcracking, calcite veining, Los Angeles abrasion coefficient, water absorption, and freeze–
thaw resistance influence aggregate quality and may affect asphalt mixture stiffness, aggregate interlock, moisture 

Carbonate Aggregate Asphalt concrete mix type Fatigue life (100-kN axle load, per lane, 20-year design period): Case 1 Case 2 Road structure thickness (cm)

Limestone

AC HSM 16 245,673,372 64,701,717 50, 45

AC HSM 22 82,279,436 59,341,250 50,46

AC HSM 32 250,543,406 89,629,743 50,49

Table 6.  Pavement design results (based on National Highway Authority, NHA): fatigue life and structural 
thickness.

 

Figure 7.  Stiffness modulus (E) for the different asphalt concrete (AC) mix types.

 

Type of Asphalt Concrete

Stiffness Module

Limestone Aggregate (MPa)

AC 13 P 15,250

AC13W 14,500

AC13 + 5% M16 P 14,700

AC13 + 5% M16 P + W 15,000

FB AC13 + 5% M16 P 13,800

FB AC13 + 5% M16 P + W 14,000

AC22 P 14,800

AC22 W 15,200

AC22 + 5% 22 P 15,700

AC22 + 5% 22 P + W 15,900

Table 5.  Stiffness modulus (E) values for the investigated asphalt concrete (AC) categories.
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susceptibility, and fatigue resistance. In the present study, this linkage is treated as an aggregate-screening and 
mixture-performance relationship48,49. However, specimen-level aggregate variability was not propagated 
through a full probabilistic pavement-design model. Therefore, the fatigue and thickness-optimization results 
should be interpreted as representative mechanistic–empirical outcomes based on the tested limestone asphalt 
mixtures and the adopted KR7 design assumptions (Fig. 8).

Fatigue performance of asphalt concrete mixtures
These findings of the limestone-based asphalt concrete (AC) mixtures prove the definite correlation between 
fatigue performance and stiffness modulus which is in line with the past investigation that indicates that stiffer 
mixtures tend to be more resistant to fatigue damage50–53. The results of the analyzed limestone mixes showed that 
the higher the value of stiffness modulus, the longer the fatigue life of repeated load on the axle in the mixtures, 
which means that the structural integrity of the mixture and the aggregate interlock are positive elements that 
promote the distribution of loads and decrease tensile strain at the critical places in the pavements54.

Re-evaluation of the standard pavement structures in the Design Manual of Flexible and Semi-rigid 
Pavements with the stiffness values determined on the limestone high-stiffness mixtures (HSM) shows that, 
in the KR7 traffic category, the asphalt layer thickness can be potentially reduced by about 15 per cent without 
requiring any evidence to lose the demanded fatigue life. It indicates that limestone HSM mixtures can be used 
to facilitate more efficient designs of pavements without the need to affect the structural performance in the long 
run, as long as the quality of mixtures produced and the compaction in the field are well maintained.

But the data is still too little to suggest that the thickness of all asphalt layers should be reduced across the board 
in all pavement material types, and site conditions55,56. The results, instead, are to be perceived as promising and 
should be further confirmed using a series of prolonged laboratory work and field performance observation57. 
Specifically, the assessment of limestone HSM mixtures in the context of lower traffic categories (KR3-KR4) 
could be worthwhile to widen the application of other mixture concepts (e.g. discontinuous gradations or one-
course surface-type solutions) in terms of practical application, but more extensive application would need 
further research and trial sections, and long-tern resolution of durability58,59.

Limitations of the study
Although this study provides an integrated petrographic, geotechnical, and pavement-engineering assessment 
of Kuldana Formation limestone, several limitations should be acknowledged. First, the investigated samples 
were collected from selected limestone exposures at Nammal Gorge; therefore, the results may not fully 
represent all quarry benches, stratigraphic levels, or laterally variable limestone units within the wider Kuldana 
Formation. Additional sampling from different locations and quarry depths is required before broader regional 
generalization can be made.

Second, the laboratory testing program was conducted under controlled conditions using prepared 
specimens and selected asphalt concrete mixtures. Field conditions, including aggregate production method, 
particle shape variation, compaction quality, moisture exposure, temperature fluctuation, traffic loading history, 
and construction practice, may influence actual pavement performance. Therefore, the stiffness modulus and 
fatigue-life results should be interpreted as laboratory-based performance indicators rather than direct field-
performance predictions.

Third, the pavement thickness optimization suggested in this study is based on mechanistic–empirical fatigue 
assessment under the adopted KR7 traffic condition, subgrade class, loading assumptions, and mixture stiffness 
values. These findings should not be applied directly to other traffic categories, climate conditions, subgrade 
types, or pavement structures without additional verification. Long-term field trials, repeated durability 

Figure 8.  Fatigue Performance of Asphalt Concrete Mixtures (Limestone aggregate).
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conditioning, and broader mixture-performance testing are recommended to confirm the practical applicability 
of Kuldana limestone aggregates in asphalt pavement construction.

Recommendations for future work
Based on the limitations of this study, further research is recommended to validate and expand the present 
findings. First, additional limestone samples should be collected from different quarry benches, stratigraphic 
levels, and lateral exposures of the Kuldana Formation to better capture formation-scale variability. This would 
improve the reliability of the petrographic, geotechnical, and pavement-performance correlations.

Second, extended durability testing should be performed under more aggressive environmental conditions, 
including wet–dry cycling, salt crystallization, prolonged freeze–thaw exposure, and moisture-conditioning of 
asphalt mixtures. Such testing would provide a clearer understanding of the long-term performance of Kuldana 
limestone aggregates in pavement environments.

Third, future studies should include broader asphalt mixture testing, such as rutting resistance, moisture 
susceptibility, dynamic modulus, fracture energy, and long-term fatigue performance. These tests would help 
confirm the suitability of limestone high-stiffness asphalt mixtures under different traffic, temperature, and 
subgrade conditions.

Finally, pilot field sections and long-term pavement monitoring are recommended to verify the laboratory-
based stiffness, fatigue-life, and thickness-optimization results under real construction and traffic conditions. The 
integration of petrographic features, mechanical properties, and pavement-performance data using multivariate 
or machine-learning models may also support improved aggregate quality-control screening.

Conclusion
This study provides a combined petrographic, geotechnical, and pavement-engineering assessment of Kuldana 
Formation limestone from Nammal Gorge, Salt Range–Potwar Basin, Pakistan. Fresh, unweathered limestone 
samples were characterized using optical microscopy, SEM–EDS analysis, and EN/ISRM/ASTM-aligned 
laboratory testing to evaluate their mineralogical features, mechanical properties, durability indicators, and 
pavement-related performance. The main conclusions are summarized as follows:

1.	 The Kuldana Formation limestone shows clear variability in mechanical and durability properties, including 
UCS, UTS, water absorption, Los Angeles abrasion coefficient, and freeze–thaw resistance. This variability is 
mainly related to differences in fabric, calcite veining, microcracking, pore structure, and defect distribution.

2.	 Pearson correlation and regression analyses showed coherent inter-property trends among selected physical 
and mechanical parameters, including UCS–UTS, porosity–point load index, and durability-related relation-
ships. The excluded or scattered data points are interpreted as defect-controlled responses caused by local 
microcracking, veining, and pore–fracture connectivity.

3.	 For pavement applications, limestone-based high-stiffness asphalt concrete mixtures exhibited consistent 
stiffness response. The mechanistic fatigue analysis indicated that these mixtures can satisfy, and in some 
cases exceed, the KR7 fatigue-life requirement under the adopted design assumptions.

4.	 Overall, the integration of petrographic analysis, standardized geotechnical testing, correlation-based valida-
tion, and pavement-performance assessment provides a useful basis for evaluating the suitability of Kuldana 
Formation limestone as a construction and asphalt pavement aggregate. However, the practical use of these 
findings should consider the limitations and future-work recommendations discussed in the preceding sec-
tions.
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Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.

Figure 9.  Petrographic and SEM microstructural features of the Kuldana Formation limestone: (a,b) 
representative limestone aggregate/outcrop views; (c,d) calcite veins and skeletal/fossil features; (e,f) cross-
cutting calcite veins and skeletal texture; (g,h) fine-grained texture; (i,j) vuggy porosity; (k,l) fractures; and 
(m,n) SEM microstructures in BSE mode.
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Appendix A: Petrographic and SEM microstructural image
See Fig. 9.
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