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Abstract: This study examines the mineralogy, texture, and weathering grades of intrusive igneous
rocks from northern Pakistan, as well as their impacts on physical and strength properties. In
comparison to felsic rocks, mafic and intermediate rocks have lower cumulative proportions of
quartz, feldspar, and plagioclase, as well as higher specific gravity, strength (i.e., UCS and R-value),
and UPV values. Similarly, samples with anhedral grain shapes, irregular boundaries, and fine
to medium grain sizes (UD, ANS, and CGN) exhibited greater strength values, with compressive
strengths of 121, 118, and 91 MPa and tensile strengths of 11, 9, and 12 MPa, respectively. The
physical and strength properties of the investigated samples corresponded well with the weathering
grades assigned to them, such as fresh (WG-I), slightly weathered (WG-II), and highly weathered
(WG-III). That is, as the grade increased from WG-I to WG-III, the porosity and water absorption
increased (0.28% and 0.72%, respectively), whereas the specific gravity, compressive strength, and
tensile strength decreased (2.04, 20, and 2.5 MPa, respectively, for CGA). Although the presence of
quartz impacts rock strength, no significant association was found between the strength and the
maximum and mean grain sizes of other minerals.

Keywords: intrusive rocks; petrography; composition; physical properties; strength

1. Introduction

Throughout human history, rocks (whether igneous, sedimentary, or metamorphic)
have been used as building materials. The strength and durability of rocks are two im-
portant factors to consider before using them as building material, dimension stones, or
aggregate in concrete structures [1]. In addition to the composition, several petrographic
characteristics, including modal abundance, texture, and grain size distribution, have been
shown to control rock strength and stress, and strain behavior [2-4]. Weathering and
alteration, on the other hand, have an impact on rock strength and durability [5-7].

The mechanical characteristics of several textural varieties of Utla granite from north-
western Pakistan were studied [8]. The substantial recrystallization and associated min-
eralogical changes were shown to be connected to a decrease in strength. Compressional
fractures may be caused by alteration of minerals and petrological characteristics, such as
exsolution in mineral phases [6]. On average, fine-grained rocks have more strength than
their coarse-grained counterparts. However, when texture complexity (grain size, shape,
and boundary variation) increases, so does strength [9-11]. Minerals having euhedral
grains (regular boundaries) serve as discontinuities in rock structures that enable fracture
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formation, according to Lindqvist, Akesson, and Malaga [10]. Other properties, such as
drilling penetration resistance and thermal wear, are affected by textural variations [12].
Microtextures and fractures impact rock weathering and are principally responsible for
changes in physical and mechanical properties, according to studies by Coggan, Stead,
Coggan, Stead, Howe, and Faulks [6], Sajid, and Arif [8], Rigopoulos, et al. [13] and Sajid,
Coggan, Arif, Andersen, and Rollinson [3]. Intense weathering and alteration in intrusive
rocks may lead to the formation of secondary minerals, which include serpentine, chlorite,
clay minerals, etc. [7,11,14,15]. Clay minerals have a strong capacity to absorb and then lose
water, resulting in swelling and shrinkage, respectively. Because of their huge surface areas
and lamellar structures, clay-bearing aggregates (when used in concrete) impair workability
in general [16-18].

The Indian Plate, the Kohistan Island Arc (KIA), and the Eurasian Plate make up
Pakistan’s northern region [19-22]. Mansehra granite, Malakand granite, Utla granite,
Ambala granite, Chakdara granite, Swat granite, and various dolerites in the form of dykes
are among the intrusive igneous rocks that might be recommended as suitable building
materials. The study area in the northern part of Pakistan contains a large number of
ongoing civil work projects, such as hydropower complex, associated tunnels, and high-
ways (Figure 1). There is a greater demand for new and potential aggregate sources with
approachable exposures to be mined for these projects. Additionally, the characterization
of the rocks is helpful in the detailed feasibility and designing of tunnels in highways and
hydropower projects, such as the Basha Dam.
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Figure 1. Geological map of northern Pakistan, modified after Searle et al. [23]. Shaded circles show
the locations of the collected samples.

The effects of textural and weathering controls on mechanical behavior for a certain
rock type have been thoroughly examined [3,13,23]. In contrast, this research focuses on
the impacts of common textural observations gathered from numerous rock units on their
mechanical characteristics. The influence of texture and weathering on the physical and
strength properties of geochemically and texturally diverse intrusive rocks from northern
Pakistan was examined. The rocks were primarily selected based on their access, extent,
exposure, and resourcefulness. Physical testing (specific gravity, water absorption, porosity,
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ultrasonic pulse velocity (UPV), and strength tests (compressive, tensile, Schmidt hammer
rebound(R-value) were carried out. Finally, the correlations between the petrographic and
engineering attributes were statistically modeled and analyzed.

2. Geological Setting

The intra-oceanic island arc, KIA, was bounded to the north by the Eurasian plate and
to the south by the Indian plate, which is separated by the Main Karakorum Thrust (MKT)
and the Main Mantle Thrust (MMT), respectively (Figure 1) [19,24,25]. Starting from the
south, KIA (covering an area of 36,000 km?) mainly consists of the Jijal complex, Kamila
amphibolite, Chilas complex, Gilgit gneisses, and the Chalt volcanic [26,27]. The Indian
Plate consists of numerous intrusive rocks, such as Mansehra granite, Malakand granite,
Utla granite, Ambela granite, Chakdara granite, Swat granite, and some dolerites in the
form of dykes [2,3,28,29].

The Chilas complex, a part of KIA, represents a late cretaceous magmatic body dom-
inantly composed of gabbronorite with a minor amount of gabbros, quartz-diorite, and
tarctolites frequently intruded by the mafic dykes. The Peshawar Plain Alkaline Igneous
Province (PPAIP), a part of the Indian Plate that evolved during the Permian rifting, com-
prises various alkaline complexes of granitic composition, including the middle to late
Paleozoic Ambela granitic complex (AGC), as well as mafic dykes [30-33]. The AGC is
divided into three main groups. Group-I, the first magmatic episode, includes the granite
and alkali granite, which make up about 70% of the total 900 km? of the granitic batholith.
Group-II includes syenites, nepheline syenites, quartz syenites, and feldspathoidal syenites.
Group-III, the latest magmatic episode, includes mafic dykes of dolerite, metadolerite, and
diorite, cross-cutting the older group-I and group-II rocks. The eastward extension of AGC,
interpreted as Utla granites, is intruded by basic dykes. The petrography, geochemistry,
and petrogenesis of the Utla dykes interpret its within-plate origin and suggest these dykes
can be associated with the group-III rocks of the AGC [34]. The Swat-Chakdara granites are
exposed in the northwestern edge of the Indian Plate, metamorphosed into Augen gneisses
comprising of quartz, feldspar, muscovite, and biotite & garnet. Anczkiewicz, et al. [35]
suggested an Early Permian (276 + 40/ —9 Ma) magmatic emplacement age for these rocks.
These granites are mainly subalkaline and peraluminous and are considered to be the result
of a fractional crystallization process from I-type crust granites.

3. Materials and Methods

Bulk samples of Utla dolerite (UD), Nepheline syenite (ANS), Chilas gabbronorite
(CGN), Ambala granite (AG), Chakdara granite (CGB), Swat granite (SG), and Chakdara
granite (CGA) were collected in the field (Figure 1). Texture, weathering grade, and
mesoscopic structures were used to gather the samples (Table 1). The weathering condi-
tion (WG) was determined by examining the original texture of the rocks, as well as the
color of the fresh and weathered surfaces, and the impact sound made by the geological
hammer [36,37]. Weathering indicators, such as fractures, recrystallization, and mineral
alteration, were also observed. Figure 2 displays cylindrical core specimens (50 mm in
diameter) obtained from the investigated rock types to perform the physical and strength
tests. Three core specimens from each rock sample were tested, and the average findings
were reported. For the petrographic examination, thin sections were made from small
slices of cores (size 40 x 20 mm). Both naked eye and microscopic observations were part
of the petrographic study. Under the polarizing microscope (Eclipse LV100ND of Nikon,
Tokyo, Japan), thin sections of each sample were examined. The optical characteristics of
minerals were used to identify them. For textural identification, the modal abundance was
estimated (based on visual estimation) and the grain shape, size, and configurations were
documented [38,39].
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Table 1. Details of samples collected during the fieldwork.

Sample ©as . i
Rock Name Designation Grain Size Petrographic Description
Equigranular, euhedral to anhedral, ophitic to sub-ophitic. Plagioclase was
Utla Dolerite UD Medium tabular and showed a typical polysynthetic twinning. Pyroxene (mostly
clinopyroxene) was subhedral to anhedral and sericitized in places.
Nepheline Inequigranular, anhedral to euhedral grains. Alkali feldspar appeared both as
phe ANS Fine perthite and microcline. Nepheline was euhedral to subhedral. Amphibole was
Syenite - .
anhedral, mostly disseminated, and altered.
. Inequigranular, subhedral to anhedral grains. Plagioclase showed polysynthetic
Chilas . LS R - .
. CGN Medium twinning and sericitization in places. Biotite was present along the margins of
Gabbronorite .
pyroxene grains.
Ambela Inequigranular with anhedral to subhedral grains. Alkali feldspar was perthitic,
- AG Coarse having blebs of albite. Microcline feldspar was also present. Quartz showed
Granite -
undulose extinction.
Chakdara Fine to Inequlgranul.ar, anhedral to subhedral grains. Al}(ah f.eldspér was pel.'thltlc
. CGB - where exsolution lamellae were present and contained inclusions of mica and
Granite-B medium . S
zircon. Quartz showed undulose extinction.
Medium Inequigranular, anhedral grains. Mineral alteration and sericitization were
Swat Granite 5G commonly observed. Alkali feldspar contained inclusions of muscovite and
to coarse . . .
quartz. Mica was mostly in tabular form and aligned.
. Equigranular, anhedral grains. Alkali feldspar contained inclusions of mica,
Chakdara Fine to . ; o . .
. CGA - mostly microcline and sericitized. Quartz was mostly recrystallized. Amphibole
Granite-A medium

was altered to muscovite along the margins.

The standard test methods for absorption and bulk-specific gravity of dimension
stones (ASTM, DC97/C97M-18) were used to determine physical property tests, such as
specific gravity and water absorption in the laboratory. The saturation technique was used
to determine the porosity of the studied rocks [40]. The ultrasonic pulse velocity test device
of MS CONTROLS Italy was used to estimate the UPV. A pitch—catch approach, using a
pair of transducers (transmitter and receiver), was used [41]. The transit travel times of
the core samples were measured at a frequency of 10 s~! under two conditions: saturated
surface dry (UPVggp) and oven-dry (UPVpp) at 110 °C for 24 h. All tests were carried out
on the same specimen, which was afterward utilized for the strength testing to achieve
better correlations.

The unconfined compressive strength (UCS) test was performed using the standard
test method for compressive strength and elastic moduli of intact rock core specimens
under varying stresses and temperatures (ASTM, D7012-14el). The unconfined tensile
strength (UTS) test was carried out according to a Brazilian test technique for splitting the
tensile strength of intact rock core specimens (ASTM, D3967-16). The Schmidt hammer
rebound test (R-value) is a non-destructive way of assessing strength; it was carried out
in accordance with the standard test method for the determination of rock hardness by
a rebound hammer (ASTM, D5873-14). The R-value was obtained using N-type Schmidt
Hammer (SH) equipment with an impact energy of 0.735 Nm.
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(8)

Figure 2. Photographs of the studied intrusive rocks. (a) Utla Dolerite (UD). (b) Nepheline Syenite
(ANS). (¢) Chilas Gabronorite (CGN). (d) Ambela Granite (AG). (e) Chakdara Granite-B (CGB).
(f) Swat Granite. (g) Chakdara Granite-A (CGA).

4. Results and Discussion
4.1. Petrography and Weathering Grades

The chosen microphotographs of the researched rocks are shown in Figure 3, and their
petrographic descriptions are included in Table 1. The modal mineralogy and mean particle
sizes are shown in Table 2. The rocks are classified as mafic (UD, CGN), intermediate (ANS),
or felsic (based on modal mineralogy) (AG, CGB, SG, CGA). Based on field and microscopic
observations, Table 3 presents weathering grades (WG) to the examined rocks. The rocks
were divided into three categories: fresh (WG-I) (UD, ANS, and CGN), slightly weathered
(WG-II) (AG, CGB, and SG), and extremely weathered (WG-III) (CGA).
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Figure 3. Microphotographs of the investigated rocks. Afs = alkali feldspar, Qz = quartz, PI = plagioclase,
Bt = biotite, Opq = opaque minerals, Nph = nepheline, CPx = clinopyroxene. (a) Ophitic texture of
dolerite (sample UD). (b) Tabular phenocryst of nepheline (sample ANS). (c) Biotite crystallized along
Cpx margins (sample CGN). (d) Fractures in feldspar and quartz (Sample AG). (e) Highly-fractured
alkali feldspar and quartz (sample CGB). (f) Alignment of mica minerals (sample SG). (g) Fracture in

feldspar (sample CGA).
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Table 2. Modal mineralogy of the studied rocks.

i«
Sample Specimen Afs Qz P1 Bt Amp Opq Cal Chl Rt Spn Nph Aeg Ap Zm Ms OPx CPx Ol Grain Size

(mm)
UD1 - - 53 1 1 5 - - - - - - - - 40 -

UD UD2 - - 50 1 2 8 - - - - - - - - - - 39 - 0.85
UD3 - - 51 1 2 5 - - - - . - - o4 -
ANS1 54 - 7 T 6 - - - - 4 18 11 T T - - - -

ANS ANS2 6 - 7 T 4 - - - - 4 2. 8 T T - - - - 1.07
ANS3 58 - 6 T 5 - - - - 3 19 9 T T - - - -
CGN1 - - 55 2 - 2 - - - - - - - - - 23 18 T

CGN CGN2 - - 57 3 - 4 - - - - - - - - - 20 17 T 1.12
CGN3 - - 54 2 - 5 - - - - - - - - - 21 18 T
AG1 65 13 2 9 6 2 1 - - - - - - - - - -

AG AG2 €2 20 2 5 2 3 2 1 - - - .. 415
AG3 66 18 2 5 6 3 - T T T - - - - - - - -
CGB1 58 33 2 3 - - - - - T - - - T 5 - - -

CGB CGB2 53 40 1 2 - - - - - T - - - T 4 - - - 0.61
CGB3 56 36 3 3 - - - - - T - - - T 4 - - -
SG1 34 41 8 9 4 - - - - - - - - - 4 - - -

SG sG2 31 038 11 12 5 - - - .. oo 3 oo 1.03
SG3 33 41 9 11 4 - - - - - - - - - 2 - - -
CGA1l 58 35 2 3 0 - - - - - - - - - 3 - - -

CGA CGA2 56 36 1 2 2 - - - - - - - - - 3 - - - 0.63
CGA3 58 34 2 3 1 - - - - - - - - - 2 - - -

Afs = alkali feldspar, Qz = quartz, Pl = plagioclase, Bt = biotite, Amp = amphibole, Opq = opaque minerals,
Cal = calcite, RT = rutile and Spn = sphene, Nph = nepheline, Aeg = aegirine, Ap = apatite and Zrn = zircon,
Ms = muscovite, CPx = clinopyroxene, T = trace, * mean grain size (mm) (mineral abbreviations are according to
Whitney and Evans, 2010).

Table 3. Weathering classification of the investigated rocks (after Irfan and Dearman [37] and Borrelli,
Greco, and Gulla [36].

Sample Outcrop Observations Microscopic Observations Descriptive Weathering

Term GRADE
Dark grey to black in color, uniform and Ophitic to Sul.)-oPhlt.lc texture, with
. . polysynthetic twinning in plagioclase, was
uD fine-grained. Very compact and produced a sharp v £ li 1 . Fresh I
nd with a geological hammer mostly fresh but slight alteration was
sou ’ observed in pyroxene.
Fine to medium-grained, grey, and no discoloration. Major minerals, such as feldspar and
ANS Purely fresh and produced a good sharp sound nepheline, were fresh, but a slight alteration Fresh I
with a geologic hammer. of amphibole was observed.
Greyish in color on fresh, while brown on the IA ishglht altrelzlatlo: wa obtsefved IE t
CGN weathered surface, medium-grained. Very hard, plag Oi acsle an p}t’lo c e.at p:iacfefs, E Fresh 1
having compact sound with a geologic hammer. overall, dominantly consisted of fres
mineral grains.
Milky white color with dark greyish phenocryst,
medium-grained, original texture was preserved. Minerals with a fresh appearance and no Slichtl
AG Produced a compact sound when struck with a signs of prominent alteration. Some fractures wea%her}é d 11
geological hammer. The weathered surface color in feldspar and quartz were present.

was brownish-grey.

Light brown, fine to medium-grained. Slight Comparatively fresh mineral grains to CGA; Slightly

CGB discoloration and mo derately fqhated. Fairly however, alteration of feldspar was observed. ~ weathered I
compact sound with a geologic hammer.
White in color, moderately gneissose, and medium  Alteration and sericitization were observed Slichtl
SG to coarse-grained. Slightly fresh and produced a in both feldspar and micas. Feldspar was wea%herz d I
dull sound with a geological hammer. fractured and mica was mostly aligned.
Milky white in color, fine-grained, having Th? thin section appearance was dirty. Major
. . . minerals, such as feldspar and quartz, were .
CGA discoloration. Etremely sheared and foliated. highly fractured. Sericitization and alteration Highly I
Produced a dull sound and was easily breakable sy : weathered

were commonly observed in feldspar
and amphibole.

AG = Ambela granite, ANS = Nepheline syenite, CGA = Chakdara granite A, CGB = Chakdara Granite B,
CGN = Chilas gabbronorite, SG = Swat granite, UD = Utla dolerite.

with a geologic hammer.




Geosciences 2022, 12,273

8 of 15

4.2. Physical Properties

The average findings for physical attributes are shown in Table 4. Fresh WG-I samples
(UD, ANS, and CGN) had greater specific gravity and UPVg,¢ (3.08 and 5573.17 m/s for UD,
respectively), but lower WA (0.13% for CGN), and porosity (0.12% for ANS). WG-III (CGA),
a highly weathered sample, had the lowest specific gravity (2.04) and UPV 4,y (1526.26 m/s),
as well as the highest water absorption (WA) (0.28%) and porosity (0.72%). UPV findings
showed a slight decrease from UPV,; to UPVdry, except for CGA, which showed a slight
rise. These findings support previous research on the effects of weathering on granites,
which found that a material with a high porosity may hold more water, resulting in lower
UPV values [42,43].

Table 4. Results of physical and strength properties of the investigated rocks.

. Specific Water Porosity UPVgy UPVgop ucCs UTS

Sample  Specimen o liv  Absorption (%) (%) (m/s) (m/s) (MPa)  (Mpa) RValue
UD1 3.08 0.16 0.37 578471 542105 12107 10.1 53.67
UD UD2 3.07 0.17 0.39 552752 5095.14 122.7 10.8 54.33
UD3 3.08 0.14 0.36 540724 491096 11833 10.6 53.33
ANS 1 2.69 0.19 0.12 318592 349614 11586 12 46.67
ANS ANS 2 2.68 0.18 0.11 477692 372228 12027 7.7 48.33
ANS 3 2.68 0.20 0.13 46736 367109  118.07 8.3 47.33
CGN 1 292 0.20 0.29 4096.81 461746 9597 11 45.33
CGN CGN 2 2.92 0.10 0.28 49159  4629.95 86.7 13.8 43.67
CGN 3 292 0.09 0.27 520518 442821 91.37 124 44.00
AG1 2.68 0.06 0.17 2806.03  2580.41 65.24 6.8 33.00
AG AG2 2.67 0.05 0.14 268235 248096 6679 55 39.00
AG3 2.66 0.07 0.12 3199.77 23295 478 5.8 34.33
CGB1 2.63 0.17 0.4 2349.17 265654 5331 6.5 20.67
CGB CGB2 2.64 0.18 0.46 232139  2559.82  53.84 5.6 2233
CGB3 2.64 0.16 0.42 241049 260653 5279 6.1 20.33
SG 1 2.67 0.17 0.28 350529  2486.01 41.49 53 32.67
SG SG2 2.67 0.09 0.25 281804  2559.32 4855 59 33.67
SG3 2.59 0.10 0.26 330451 231664 4501 5.6 32.00
CGA1 2.07 0.26 0.72 1500 194922 23.62 24 14.00
CGA CGA 2 2.06 0.28 0.71 144974 168413 19.98 26 13.67
CGA 3 2 0.29 0.74 107293 94542 17.7 25 13.33

4.3. Strength Properties

The tested rocks’ strength values corresponded to their physical characteristics (Table 4),
i.e., fresh, WG-I samples had greater UCS (120 MPa for UD) and UTS values (12.40 MPa
for CGN). Whereas the highly weathered, WG-III showed lower UCS and UTS values
(20 MPa and 2.5 MPa, respectively, for CGA). Previous research from Pakistan and other
regions of the globe produced similar findings [2,5,8,44,45]. Similarly, fresh WG-I samples
had a high R-value (53.78 for UD) while highly-weathered WG-III samples had the lowest
(13.67 for CGA).

4.4. Petrographic, Physical, and Strength Properties
The researched rock types’ petrographic, physical, and strength properties are addressed.

e  Sample UD had a significant percentage of opaque minerals (5% to 8%), which led to
a higher specific gravity (3.08). The greater porosity (0.37%) was also attributable to
slight pyroxene mineral alteration (Figure 3a) and intergranular fractures. Fresh WG-I
samples and UD had the greatest UCS and UTS values among the studied samples
(121 and 11 MPa, respectively).
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e  The alkali feldspar and amphibole in the ANS sample were slightly altered, resulting
in relatively high water absorption and porosity values (0.19% and 0.12%, respectively).
It did, however, have high UCS and UTS values (118 MPa and 9 MPa, respectively),
as well as a fresh weathering grade (WG-I). The higher strengths are attributed to
the inequigranular, anhedral grains, and irregular boundaries, mainly of fine-grained
feldspar surrounding the tabular nepheline (Figure 3b).

e  The grain size of the sample CGN was uniform, and the boundaries were regular.
When compared to other fresh, WG-I samples, the twinning and slight alteration
of plagioclase (Figure 3c) resulted in moderate water absorption and porosity (i.e.,
0.13% and 0.28%, respectively), as well as reduced UCS and UTS values (i.e., 91 MPa
and 12 MPa, respectively).

e Among the studied samples, sample AG had the lowest water absorption and porosity
(0.06% and 0.14%, respectively). Its moderate UCS and UTS values (60 MPa and
6 MPa, respectively) and slightly weathered, WG-II weathering grade were due to its
subhedral grain shape and the presence of large feldspar grains (up to 10 mm) with
intra-granular fractures (Figure 3d).

e  The sample CGB had more fresh alkali feldspar, quartz, and mica grains than CGA
(Figure 3e), resulting in lower water absorption and porosity (0.17% and 0.44%, respec-
tively), greater UCS and UTS values (53 MPa and 6 MPa, respectively), and a slightly
weathered WG-II weathering-grade.

e  Gneissosity was seen in the form of aligned flaky mica in the sample SG (Figure 3f).
Furthermore, it exhibited gneissosity and moderate weathering (WG-II), resulting in
modest water absorption and porosity (0.12% and 0.26%, respectively). UCS and UTS
values were affected by sericitization and fractures of Alkali feldspar (i.e., 45 MPa
and 6 MPa, respectively). Similar observations were reported by Akesson [46] on
microstructures in Swedish granites and marbles.

o  The CGA sample was substantially sheared (WG-III), with sericitization, alteration,
and extensive fracturing of alkali feldspar (Figure 3g). As a consequence, substantial
levels of water absorption and porosity were achieved (0.28% and 0.62%, respectively).
It had the lowest UCS and UTS values of all the samples studied (20 MPa and 3 MPa,
respectively).

Figure 4 depicts the regression analysis used to study the influence of mineralogy
and weathering grades on the physical and strength properties of the analyzed rocks.
Inverse correlations are found (Figure 4a—e) when the cumulative proportion of quartz,
feldspar, and plagioclase (Q + F + P) are plotted against specific gravity, UCS, R-value,
and UPV, with R? = 0.62, 0.81, 0.90, and 0.90, respectively. Figure 4a demonstrates that
mafic and intermediate rocks with lower cumulative percentages of Q + F + P have greater
specific gravity than fresh rocks (WG-I) with higher cumulative percentages of Q + F + P.
(2.68 to 3.08). The felsic rocks, which range from slightly weathered to highly weathered
(WG-II and WG-III) and had higher cumulative proportions of Q + F + P, have a lower
specific gravity (2.0 to 2.67). Rocks with a greater specific gravity indicate the presence of
heavy and high-strength minerals, which have a considerable influence on the strength of
the rock (Figure 4d). These results are consistent with those of Sajid, Coggan, Arif, Andersen,
and Rollinson [3], who compared the modal compositions of quartz, plagioclase, and
feldspar to the UCS, finding negative correlations for quartz and plagioclase, but positive
correlations for feldspar. Similarly, mafic rocks have higher UPVop values (Figure 4e) with
R? = 0.90 when compared to felsic rocks, as reported by Behn and Kelemen [47].
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Figure 4. Correlation plots of (a) cumulative percentage of quartz, feldspar, and plagioclase (Q + F + P)
vs. specific gravity (SG) (polynomial), (b) Q + F + P vs. unconfined compressive strength (UCS)
(polynomial), (c) UCS vs. SG, (d) Q + F + P vs. R-value (polynomial), (e) Q + F + P vs. ultrasonic
pulse velocity oven-dry (UPV OD) (polynomial). Symbols given in (a) are the same for all figures.

Aldeeky and Al Hattamleh [48], Ercikdi, et al. [49], Gomez-Heras, et al. [50], Selguk
and Nar [51], and Yilmaz, et al. [52] stated that using UPV and thorough petrography
could evaluate the fractures and compactness of rocks. Yilmaz, Ercikdi, Karaman, and
Kiilekgi [52] found a link between specific gravity and UPV, demonstrating that compact
rocks had higher UPV values. With R? = 0.89, Figure 5a shows UPV and specific gravity. The
compressional waves of UPV provide varied outcomes for different pore-filled fluids in the
rocks, with UPVgp and UPVsgp showing a usually positive correlation [53-55]. Figure 5b
reveals that UPVop and UPVsgp have a positive connection (R? = 0.87). Figure 5¢,d indicate
substantial positive associations between UPVp and UCS and the R-value (R? = 0.85 and
R? = 0.82, respectively). These findings are consistent with those by Vasconcelos, Lourenco,
Alves, and Pamplona [43], Vasanelli, Sileo, Calia, and Aiello [55], and Akoglu, et al. [56].
The R-value and UCS have a positive association (R? = 0.89), as shown in Figure 5e.
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Figure 5. Correlation plots of (a) ultrasonic pulse velocity oven-dry (UPVgp) vs. specific gravity
(SG) (polynomial), (b) UPVgp vs. UPVggp (polynomial), (¢) UPVop vs. UCS (power) (d) UPVgp vs.
R-Value (polynomial), (e) UPVgp vs. R-Value (polynomial). Symbols given in (a) are the same for
all figures.

The effects of modal composition, weathering grade, and grain size on the rock
strength are shown in Figure 6. The rock strength reduces as the weathering grade increases
from WG-I to WG-III and the composition changes from mafic to felsic (Figure 6a). The
presence of quartz affects the rock strength, which is consistent with previous research. In
contrast to earlier research by Sajid and Arif [8] and Tugrul [5], and others, no significant
correlation was found when the rock strength was plotted against maximum and mean
grain sizes of various minerals (Figure 6b,c). This shows that weathering has a dominant
effect on the rock strength irrespective of the grain size. To achieve any meaningful
relationship between the grain size effect of a particular mineral or overall grain size on the
rock strength, rocks with similar weathering grades must be considered.
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Figure 6. Relationship between the petrographic characteristics, weathering grade, and strength.
(a) Effect of mineral composition and weathering grades on the strengths of mafic, intermediate, and
felsic rocks. (b) Effects of maximum grain sizes of minerals and weathering grades on the strengths
of mafic, intermediate, and felsic rocks. (c) Effects of mean grain sizes of minerals and weathering
grades on the strengths of mafic, intermediate, and felsic rocks.
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5. Conclusions

This research presents the results of field and petrographic observations, and physical
and strength parameters of selected intrusive rocks from northern Pakistan. The examined
intrusive igneous rocks were classified as fresh, WG-I (UD, ANS, and CGN), slightly
weathered, WG-II (AG, CGB, and SG), and highly weathered, WG-III[(CGA), based on
detailed laboratory testing. Weathering grades were shown to have a strong relationship
with physical and strength properties. Fresh WG-I samples (UD, ANS, and CGN) had
greater specific gravity and UPVg, (3.08 and 5573.17 m/s for UD, respectively), but lower
WA (0.13% for CGN) and porosity (0.12% for ANS). WG-III (CGA), a heavily weathered
sample, had the lowest specific gravity (2.04) and UPVpp (1526.26 m/s), as well as the
highest water absorption (WA) (0.28%) and porosity (0.72%). Fresh WG-1 samples had
higher UCS (120 MPa for UD) and UTS values as well (12.40 MPa for CGN). The WG-
III sample had lower UCS and UTS values while being heavily weathered (20 MPa and
2.5 MPa, respectively, for CGA). In comparison to UPVsgp, the ultrasonic pulse velocity
of UPVpp was slightly lower. As the composition of rocks changed from mafic to felsic,
the rock’s strength decreased. Although the presence of quartz impacts rock strength,
no significant link was found between rock strength and the maximum and mean grain
sizes of other minerals. From the findings, it may be concluded that previous researchers’
correlations cannot be generalized to any other rock type.
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