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Abstract The present study aimed to assess rock
aggregate quality through the Analytic Hierarchy
Process (AHP). In the context of the AHP analyses,
four rock types (i.e., andesite, basalt, granodiorite,
and gabbro), five evaluation criteria, and several
technical requirements/suggestions for coarse aggre-
gates related to bituminous paving mixtures were
considered. In order to set over the evaluation
criteria, detailed laboratory studies were conducted.
For this purpose, various mineralogical, physical,
and mechanical aggregate properties were deter-
mined for each rock type concerning their weath-
ering grades. As a result of the laboratory studies, it
was determined that the rock weathering processes
have substantial negative impacts on the rock
aggregate properties considered in this study. The
AHP analysis results indicated that that different
rock types have several advantages concerning
various evaluation criteria. Based on the general
evaluation point (EP) of the rocks, the gabbros
were found to have the highest rock aggregate
quality (EP = 0.393). In contrast, the andesites had
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the lowest quality (EP = 0.069). Besides, the basalts
(EP = 0.271) and granodiorites (EP = 0.267) pre-
sented approximately the same quality for their use
in bituminous pavement mixtures. It was also
demonstrated that the AHP, with its specific
methodology, can be utilized to represent different
environmental and mechanical conditions by chang-
ing the relative weight of the evaluation criteria. In
this way, the pros and cons of different rock types
could be revealed quantitatively, which enables
related engineers to select proper rock types for
their use under different environmental and
mechanical conditions. From this point of view,
the present study could be declared a case study
noted for combining theoretical and practical
approaches on bituminous paving mixtures as a
sign of rock aggregate quality.

Keywords Analytic hierarchy process - Crushed
stone - Aggregate quality assessment - Rock
weathering

1 Introduction

Aggregates are granular geomaterials composed of
crushed rocks on a large scale. They are the world’s
leading construction and building resources concern-
ing both tonnage and economic value. Addressing,
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serviceability, and long-term durability of rock aggre-
gates are the issues that have a direct link to their
quality. In this context, crushed rocks with different
size fractions have been utilized regarding their
material properties such as strength, hardness, and
abrasion resistance within certain limits designated by
various organizations/institutions.

Researchers have attempted to analyze the quality
of rock aggregates, whether they are suitable for
related engineering applications (Al-Harthi 2001;
Khanal and Tamrakar 2009; Langer 2016). Rock
aggregates with high-quality have higher strength and
durability properties compared to those with low-
quality (Kencanawati et al. 2017; Kalra and Mehmood
2018). Thanks to the high quality of rock aggregates,
they provide engineers with reducing dead loads of
structures through lower cross-sections available
(Beshr et al. 2003).

Moreover, high-quality rock aggregates or their
recycled derivatives have been investigated for con-
crete and bituminous paving mixtures from many
aspects (Akbulut et al. 2011; Brand et al. 2015;
Beushausen and Dittmer 2015; Omary et al. 2016;
Sernas et al. 2016; Herndon et al. 2016; Yang and Lee
2017; Thomas et al. 2018; Choorackal et al. 2019).

The resistance of aggregates against mechanical
impacts and environmental conditions vary greatly
depending upon several variables such as their
strength, lithological variances, textural, and miner-
alogical features. As for lithological differences of
rocks, certain rock types such as gabbro, basalt,
rhyolite, limestone, and quartzite were reported as
suitable natural resources for the production of high-
quality rock aggregates (Langer 2001; Smith and
Collis 2001). Parallel to this statement, Carrion et al.
(2014) stated that limestones and basalts with high-
quality could be considered when dealing with the
production of concrete sleepers, which are one of the
essential elements in railway track infrastructures.

Apart from the initial suitability of rock aggregates,
their ongoing performance under various environmen-
tal, static and dynamic loading conditions is associated
with the mineralogical and petrographical features
(Kimiya 1982; Azzoni et al. 1996; Irfan 1999; Smith
and Collis 2001; Zorlu et al. 2008).

Therefore, the weathering degree of rocks becomes
prominent. Rock weathering is a disintegration pro-
cess of rocks arising from dramatic changes in the
physical, chemical, and biological environments.
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Scientific approaches aiming to reveal and quantify
rock weathering could provide knowledge about the
quality of rock aggregates in general. The lack of this
knowledge causes overestimations, and hence antic-
ipated performance and serviceability of rocks could
be interrupted. By investigating rock weathering
processes, the efficiency and sustainability of rock
quarrying could be improved throughout the rock
quarrying (Irfan 1994; Rigopoulos et al. 2012; Koken
2019).

Qualitative and quantitative approaches have been
adopted to reveal the weathering degree of rocks in a
wide variety of rock engineering applications. The
qualitative methods are mainly based on geological
and geotechnical field observations such as variations
in color, texture, and structural features of rock masses
related to discontinuities, bedding planes, etc. (Beavis
1985; Bell 2007). On the other hand, several physico-
mechanical properties (i.e., apparent porosity n, (%),
dry density (pq, g/cm?), point load strength (PLS,
MPa), uniaxial compressive strength (UCS, MPa),
pulse wave velocity (V,, km/s)) have also been
considered for investigating the weathering effects
on various rock materials (Irfan and Dearman 1978a;
Karpuz and Pagsamehmetoglu 1997; Tugrul and Zarif
2000; Ceryan et al. 2008; Marques et al. 2010;
Momeni et al. 2015; Koca and Kincal 2016; Kéken
et al. 2016; Undiil and Tugrul 2016; Koken and
Ozarslan 2018; Koca and Koca 2019).

Furthermore, several researchers examined the
effects of rock weathering from textural and miner-
alogical points of view. For instance, Irfan and
Dearman (1978b) proposed a micro-petrographical
index (I,) for the evaluation of rock weathering for
granitic rocks. Tugrul (1995) proposed a quantitative
approach based on measuring micro-crack lengths
observed in thin sections within specified areas. This
quantitative approach was referred to as micro-frac-
ture density (qmf, mm/mmz) and determined by the
following equation:

qmf = L/AC (1)

where: L is the total length of micro-fractures (mm) in
a specified area of 1 mm? (A, = 1 mm?).

Rock weathering in view of mineralogical vari-
ances or impurities was also explored by loss on
ignition (LOI, %) tests that presented relatively easier
results for the evaluation of rock weathering (Arikan
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et al. 2007; Undiil and Tugrul 2012; Koca and Kincal
2016; Koken and Ozarslan 2018). In rock quarries,
rock aggregates are conventionally produced through
several series of drilling—blasting and crushing—
screening operations. Drilling—blasting operations in/
on rock masses are mainly performed as if the related
rock mass is made up of a single structural unit, that is,
various weathering zones in/on rock masses are
occasionally overlooked. However, it is not a realistic
approach. Rock masses have actually lateral and
vertical transitions that separate them into different
structural units in terms of weathering degrees
(Fig. 1). These structural units are sometimes easy to
separable by the naked eye, whereas some of them
could be very complex.

Due to the coexistence of rock masses with
different weathering grades, rock aggregates as a
product could probably include weathered particles.
This phenomenon, therefore, will undoubtedly affect
the quality of rock aggregates in total. Even though
crushed rock blocks with different weathering grades
are attempted to be separated by crushing—screening
operations, weathered rock aggregates with different
size fractions could inevitably be found in the desired
product.

Although the adverse effects of weathering pro-
cesses on rock material and rock mass properties have
been documented widely (e.g., Karpuz and
Pagamehmetoglu 1997; Jaboyedoff et al. 2004; Tugrul
2004; Arikan et al. 2007; Gokceoglu et al. 2009; Akin

Rock mass
exposure

Fig. 1 Schematic illustration of a rock mass with different
weathering grades a Vertical cross-section b Longitudinal cross-
section (Wy: Unweathered, W;: Slightly weathered, W,:
Moderately weathered, W5: Highly weathered, L. Lateral
transition distance, V. Vertical transition distance, Note:
Schematic illustration is not to scale)

2010; Marques et al. 2010; Koca and Kincal 2016;
Giirocak and Yalcin 2016), apart from several tenta-
tive inferences, there is quite limited information on
how weathering processes affect the rock aggregate
quality.

Herein, the main objective of the present study is to
introduce an Analytic Hierarchy Process (AHP) for the
assessment of rock aggregate quality in terms of
bituminous paving mixtures. For this purpose, four
different rock masses located in different parts of
Turkey were considered. The rock masses were
characterized and divided into different structural
zones in terms of weathering grades (i.e., unweathered
(Wy), slightly weathered (W), moderately weathered
(W), and highly weathered (W3). Based on the
laboratory test results of several mineralogical, phys-
ical, and mechanical aggregate properties, the quality
of rock aggregates was evaluated through the AHP. As
a consequence of the AHP analyses, the quality of the
investigated rock types was compared with one
another, considering various evaluation criteria.

2 Materials and Methods
2.1 Materials

Four different rock masses located in different parts of
Turkey were investigated and characterized by field
observations. The rock masses considered are igneous
in origin, and their geological features are summarized
in Table 1. During field observations, each rock mass
was divided into four different structural zones based
on their weathering grades (Wo—W3), where a qual-
itative approach suggested by the International Soci-
ety of Rock Mechanics (ISRM 2007) was adopted.
Representative rock blocks with different weathering
grades were obtained for laboratory studies (Fig. 2).

In practical applications, the andesitic rocks have
been mainly regarded as coping and dimension stone
that has no load-bearing capability (Erdogan et al.
2012; Kun 2013), whereas the basaltic rocks have been
mainly used as stone dust/wool, surface treatment,
concrete, and railway ballast aggregate (Aydin 2015;
Dogruéz et al. 2016; Koken and Ozarslan 2016;
Bayhan and Bagc1 2018; Koken 2019).

On the other hand, the granodioritic rocks have
been used as coping/dimension stone, and surface
treatment aggregate in stabilized and bituminous roads

@ Springer
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Table 1 Geological features of the rock masses investigated

Rock type Location Geological setting

Group/formation Geological age
(a) Andesite Havran/Balikesir Kizilkiran formation' Oligocene—MioceneI
(b) Basalt Isikkara/Kiitahya Karacadren volcanites™ Miocene—Pliocene"!
(c)Granodiorite Havran/Balikesir Camlik granitoids™ Devonian™
(d) Gabbro Kayadibi/Karabiik Bolu granitoid complex™ Pre-Cambrian™

References 1: Krushensky et al. (1980), II: Demirbilek (2005), III: Okay et al. (1996), IV: Erendil et al. (1991)

in various parts of western Turkey (Erdogan et al.
2012). The gabbroic rocks located in and around
Karabiik region have been used as surface treatment,
concrete and railway ballast aggregate in local railway
routes located in the Blacksea region (Keserci 2014;
Arioglu 2015; Koken 2019).

2.2 Methods

Laboratory studies were divided into two different
parts. In the first part, mineralogical features of rock
materials were determined for each weathering grade.
Mineralogical characterizations were carried out by
thin section observations and X-ray diffraction (XRD)
analyses. For each rock type, thin sections were
prepared, and they were analyzed under a polarized
microscope. The XRD analyses were performed by a
Bruker Discover D8 diffractometer, analyzing grinded
rock samples with a particle size range
of — 0.106 mm.

Following the first part of the laboratory studies,
rock aggregate properties such as water absorption by
weight (w,, %), specific gravity (G), Los Angeles
abrasion loss (LAA, %), magnesium sulfate weight
loss (M), %) and the brittleness index (S,q, %) were
determined for each rock type concerning their
weathering grades. The w, and G of rock aggregates
were determined, considering BS EN 1097-6 (2013).
The LAA and M, tests were performed in accordance
with BS EN 1097-2 (2010) and BS EN 1367-2 (2009),
respectively. The S, was also determined considering
the methodologies of Dahl et al. (2012).

2.2.1 Mineralogical and Textural Analyses

The determination and quantification of rock-forming
minerals were performed by two different methods. In
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the first method, thin sections were prepared and
analyzed under a polarized microscope, where the
point-counting method was adopted to quantify the
rock-forming minerals. In the second method, XRD
analyses were performed, and the patterns were
analyzed using the Panalytical Highscore Plus soft-
ware with a mineral database of PDF” The results
obtained from the mentioned methods were evaluated
together so that the mineralogical compositions of
rock materials were determined for each weathering
grade. Typical thin sections and XRD patterns of the
rock materials with different weathering grades are
given in Fig. 3.

2.2.2 Loss on Ignition Tests, Micro-fracture Density,
and Micro-petrographical Index Measurements

The effects of rock weathering on the aggregate
quality were also investigated by loss on ignition (LOI,
%) tests that were carried out in accordance with
ASTM D7348 (2013). The LOI tests were repeated ten
times, and average values were presented. The Q¢
measurements were performed using thin sections,
measuring micro-crack lengths occupied in a specified
area (A, = 1 mm?). Several image analysis techniques
(i.e., scaling, separation, and filtering), some parts of
which were partially adopted from Arena et al. (2014),
were drawn on to observe the persistency of micro-
cracks. During image analysis processes, vertical and
horizontal cross-sections were established. A total of
30 measurements (in two equal parts considering
horizontal and vertical cross-sections) were carried
out for each rock sample, and the q,,s values were
determined by Eq. 1.
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(a) Andesitic rock masses

(d) Gabbroic rock masses
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Fig.2 Sampling locating map for the rock masses considered in this study (W,: Unweathered, W: Slightly weathered, W5: Moderately

weathered, W: Highly weathered)
2.2.3 Water Absorption and Specific Gravity Tests

The determinations of w, and G, were carried out
using rock aggregates with a particle size range of
11.2-16 mm. The tests were carried out in accordance
with BS EN 1097-6 (2013). Each test was repeated ten
times, and the average values were presented.

2.2.4 Los Angeles Abrasion Tests

The LAA tests were performed in accordance with BS
EN 1097-2 (2010). For this purpose, rock aggregates
with a particle size range of 11.2-16 mm were
prepared. The LAA tests were repeated three times
for each rock type concerning their weathering grade,
and the average values were presented.

@ Springer
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Muscovite, Ged: Gedrite, Op: Opaque minerals, Cl m: Clay group
minerals Serp: Serpentine group minerals, Zeo: Zeolite group
minerals, Gm: Groundmass)
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2.2.5 Magnesium Sulfate Soundness Tests

Magnesium sulfate soundness is a kind of accelerated
weathering test that simulates natural freezing—thaw-
ing effects (Wu et al. 1998; Jayawickrama et al. 2007;
Ioannou et al. 2013). The tests were conducted in
accordance with BS EN 1367-2 (2009).

Rock aggregates with a particle size range of
10—14 mm were prepared, and a total of 500 = 10 g
oven-dried rock aggregates were placed in a saturated
magnesium sulfate solution for 16-18 h at room
temperature (18 £ 2 °C). Following the immersion
of rock aggregates, they were taken out of the solution
and left to drain for 4-6 h. Then, pre-treated rock
aggregates were placed in a drying oven at
105 £ 2 °C for 24 h. The whole process described
herein was identified as one cycle of magnesium
sulfate soundness test, and the process was repeated
for five times. After five cycles of magnesium sulfate
soundness tests, the M,,; was determined based on the
total weight loss in rock aggregates with reference to a
10.0 mm sieve.

2.2.6 The S, Brittleness Index Test

The S, brittleness index test is suitable for the
aggregates with a particle size range of 11.2—16.0 mm.
The test provides knowledge about the resistance of
rock aggregates against repeated impact loads. The S,(
brittleness index tests were carried out according to the
methodologies described by Dahl et al. (2012). For
each rock type, the brittleness tests were repeated five
times, and the average values were presented.

3 Analytic Hierarchy Process (AHP)

The AHP is a user-friendly engineering tool when
dealing with the decision-making processes of com-
plex problems (Ishizaka and Labib 2009). The AHP is
carried out, dividing problems into hierarchical struc-
tures that could be made up of both countable and
uncountable variables (Saaty 2008). A typical hierar-
chical structure in AHP analyses is composed of three
main components, such as alternatives, criteria, and a
goal. In this study, the AHP analyses were performed
specifically for the evaluation of coarse rock aggre-
gates, which could be used in bituminous pavement
mixtures.

The evaluation criteria for the AHP analyses are
listed in Table 2. In the AHP analyses, four rock types
and five evaluation criteria were established (Fig. 4).
The analyses were performed regarding the variations
in physical, mechanical, and mineralogical features of
rock aggregates due to the rock weathering, weather-
ability trends of the rocks, and the technical standards
of ASTM D962/962M (2015). Since there is not a
definite TLV for w, in ASTM D962/962M (2015), the
practical experiences on coarse aggregates used in
bituminous paving mixtures were considered.

Based on the international experiences on bitumi-
nous paving mixtures, the TLV for w, could be
declared as < 2% (Rajagopal and Crago 2007; Al-
sansary and Iyengar 2013; Iskender et al. 2016;
Tahmoorian et al. 2017). Moreover, several findings,
suggestions, or supportive data for the suitability of
coarse aggregates were also integrated into the con-
struction of some evaluation criteria (e.g., the criterion
of C5 and Cs).

Based on a comparison matrix of A (Eq. 2), each
criterion (C;—Cs) was quantified by the following
matrix system;

1 afay ai/az ai/a,
az/a 1 afaz  ay/ay
A= 2
asfay az/ax 1 as/ay, (2)
an/al an/a2 an/a3 1

where a; is the weight of the first element, and a,, is the
weight of the ny, element.

Comparison matrices were constructed for each
criterion, combining the related TLVs, selected rock
properties corresponding to the W, weathering type
(V(wo)), and the weatherability trend of the rocks.

As a consequence of these combinations, a rating
point (RP) was calculated for each rock type by the
following equation;

TLV ) 1

RP(maxfmin) =In (V( X — (3)

Wo) X 11 1)

where t; and t, are the constants for different rock
types based on their weatherability trends. The TLV is
the threshold limit value considered in the analyses
(Table 2), and the V(wq, is the individual rock
aggregate property corresponding to the W type of
rock.

After the determination of the RPs, the transforma-
tion of them into Saaty’s 9-point scale (Comparison
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Table 2 Fundamental criteria adopted in the AHP analyses

Evaluation  Identification Variable Standard/ Threshold limit value (TLV)
criterion considered  methodology
C, Tendency to disintegration against M,,; (%) ASTM C88/ M, < 18% (ASTM D692/D692M
simulated freezing—thawing cycles C88M (2018) 2015)
BS EN 1367-2
(2009)
C, Tendency to disintegration against LAA (%) ASTM C131/ LAA < 40% (ASTM D692/D692M
abrasion and fragmentation C131M (2020) 2015)
BS EN 1097-2
(2010)
Cs Tendency to disintegration against Soo (%) Dahl et al. S>o < 45% (modified after Dahl et al.
repeated impact loads (2012) 2012; Koken et al. 2018)
Cy Water absorption susceptibility W, (%) BS EN 1097-6 W, < 2% (Tahmoorian et al. 2017)
(2013)
Cs Mineralogical suitability qmf (mm/ Thin section qmf < 1 mm/mm? (Proposed in this
mmz) observations study)

For the criterion of C—C,, the BS EN norms were adopted

(Andesite) (Basalt) (Granodiorite] (Gabbro
Alternatives

Fig. 4 AHP structure adopted in this study

Point, CP) was performed by correlating these values
(i.e., RPs and CPs). These correlations were carried
out considering Table 3, where the minimum and
maximum RPs should be 1 and 9, respectively. The
RPs between those were determined by exponential
interpolations of the CPs. A typical comparison matrix
and an illustration of such transformations are given in
Fig. 5.

In Fig. 5, different RPs calculated from Eq. 3 are
plotted separately for the rocks investigated. Based
on the assumption that the rock with the highest RP
for the criterion C, has the highest relative interest
(e.g., the RP is 6.739 for gabbro). In other words, the

@ Springer

Table 3 Saaty’s 9-point rating scale (modified after Saaty
2008)

Importance level Comparison point (CP)

Equal

Weak or slightly considerable 2
Moderate 34
Strong 5-6
Very Strong 7-8
Extreme 9

rock with the highest RP gets the highest CP
(CP =9).

Similarly, the ones with the lowest RP (e.g., the RP
is 1.540 for andesite) get the lowest CP. (CP = 1) in
Fig. 5. For the other rock types concerning their
aggregate properties, the RPs were calculated and
adapted to the Saaty’s 9-point rating scale (Table 3),
considering their significance level. Different interpo-
lation techniques (i.e., linear, logarithmic, etc.) were
also explored for the adaption of RPs and CPs, and it
was determined that the exponential interpolation
gave more reasonable results and provided a much
better statistical significance.

In the light of the above-mentioned explanations,
initial comparison matrices were constructed and
solved for each criterion until the analyses were



Geotech Geol Eng (2020) 38:5075-5096

5083

U
75 9 od) Gabbro
I E
6 -8 7_
(SR
e =y 6 = 0.5218¢04226x
8 2 1 R
&2 g T
a L
) S %) Basalt
E g 29 e Qc) Granodiorite
&g 14 o .
g v 0 a) Andesite
o8 0 2 4 6 8
Rating point (RP-4) for w, (Criterion : C,)
Basic comparison ;
matrix of the Cg a) Andesite b) Basalt

Cy a b c d VwaWo) = 1.55% Viwa(wp) = 0.32%

a 1.00 030 0.46 011 t1 =0.555 tq =0.437

b 3.36 1.00 2.19 037 t, =0.548 t, =0.604

c 217 0.46 1.00 0.24
d 900 268 414 1.00 c) Granodiorite d) Gabbro

Total 1553 4.44 779 173 Vs W) = 038% Vo) = 0.11%

Transforl:nedfct})lmpcarison t =0473 t, =0.554
matrix of the C4 t, =0747 t,  =0518
Cy a b c d

a 0.06 007  0.06 0.06
b 022 023 028 0.22
c 014 010 013 0.14
d 058 0.60 0.53 0.58
Total 1.00 1.00 1.00 1.00

Fig. 5 Illustration of typical comparison matrix and transfor-
mation of RPs to Saaty’s 9-point scale

verified statistically. The statistical verification of the
AHP analyses was performed, determining the Con-
sistency Index (CI) and the Consistency Ratio (CR).
The CI and CR (Saaty 2008) was calculated by the
following equations;

()vmax - ns)
(ng — 1)
where A, is the maximum eigenvalue of the

comparison matrix of A and nyg is the size of the
matrix (for this study, ng = 4).

1
CR = & (5)
RI

Cl = (4)

where Rl represents Saaty’s random consistency index
(Table 4) based on the size of the comparison matrix
A.

If the CR is less than or equal to 0.10, the AHP
analysis could be declared admissible (Saaty 2008).
Otherwise, the comparison matrix should be revised,
and the analysis requires repetition with new compar-
ison matrices. Following the methodology described
herein, the AHP analyses were performed using the
software MATLAB R2019a.

Table 4 Saaty’s random consistency indices (Saaty 1980)

Matrix size (ng) Random consistency index (RI)

0.00
0.00
0.58
0.90
1.12
1.24
1.32
1.41

NN AW N =

4 Results and Discussion

4.1 Effects of Rock Weathering on The
Mineralogical and Textural Features

Thin section analyses showed that the textures of rock
materials change substantially with progressive rock
weathering. Based on thin-section observations and
XRD analysis results, mineralogical compositions of
rock materials are listed in Table 5.

It was determined that the quantity of several rock-
forming minerals decreases with progressive weath-
ering, which could be attributed to various mineral
alternations. For instance, it is clear that with
progressive rock weathering, the quantities of Plg.
minerals altered to Cl m. and Zeo. minerals in
andesites and basalts.

For granodiorites, Mus. and Bt. minerals altered to
Ser. minerals, beginning from W; type of rock
weathering. The Prx. minerals such as Augite and
Diopside altered to Tre., Act., and Op. minerals in
such cases. The quantity of Ol. and Prx. minerals
decreased with progressive rock weathering that
clarifies the increase in Serp. minerals for gabbroic
rocks. Other mineralogical variances due to rock
weathering could be seen in Table 5.

The mineralogical variations of q,,r and LOI due to
rock weathering are listed in Table 6. Accordingly, the
qm¢ values increased remarkably in parallel with
progressive rock weathering. The remarkable changes
in the q.,r values were typical, especially beginning
from the W, type of rock weathering for all rock types.
The increase in q., values could be interpreted as
increasing release surface areas, decreasing the
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Table 5 Mineralogical composition of the investigated rocks with different grades

Minerals (a) Andesite (b) Basalt (c) Granodiorite (d) Gabbro

Wo W, W, W; W, W, W, W; W, W, W, W; W, W, W, W,
Plagioclase (Plg)" 56 52 44 38 47 49 45 39 32 34 35 33 64 62 51 34
Biotite (Bt) 7 3 2 - 6 5 1 - 6 4 1 - 3 4 - -
Muscovite - 1 - - 1 1 1 - 4 2 - - - - - -
Hornblende (Hbl) 6 8 1 - 8 5 1 - 3 4 2 3 5 6 6 8
Gedrite (Ged) - 1 3 1 1 4 6 4 - - - - - - - -
Epidote (Ep) 1 1 - - 1 1 - - - 1 2 2 1 2 1
Opagque minerals (Op)® 5 6 9 11 6 6 8 6 4 3 4 6 5 8 11
Pyroxene (Cpx + Opx) 2 1 - - 12 10 6 4 7 5 3 16 14 9 3
Quartz (Qtz) - - - - - - - - 29 27 28 26 - - - -
K-Feldspar (K-FeD)® - - - - - - - - 12 8 6 6 - - - -
Chlorite (Chl) - - 6 4 - 1 2 5 - 1 3 - 2 5 6
Olivine (Ol) - - - - 1 - - - - - - - 5 3 1 -
Serpentine (Serp)® - - - - - - - - - - - - - - 4 15
Cinnabar (Cin) - - 1 - - - - - - - - - - - - -
Realgar (Rea) - - 2 1 - - - - - - - - - - - -
Zeolite (Zeo)™ - - 1 4 = - 2 6 - - = - = = 3 5
Sericite (Ser) - 3 2 1 - - 1 - - 3 1 2 - 3 1 -
Tremolite (Tre) - - 1 2 - - 2 5 - 2 2 5 - - 2 3
Actinolite (Act) - - 1 1 - - 2 - - 2 2 1 - - 3 6
Anthophyllite (Anth) - - - - - - 1 - - 1 1 - - - -
Clay minerals (Cl m.)® - - 6 12 - 1 6 9 - 1 5 1 - - 5 8
Ground mass (Gm)"” 23 24 21 25 17 17 16 21 - - - - - - - -

Explanations (1): Plagioclase minerals: Albite (Na—-rich)-Anorthite (Ca-rich) series with different quantities. (2): Opaque minerals:
Magnetite, Hematite, Goethite, Rutile, Ilmenite, Cordierite, Garnet, (3): K-Fel: Orthoclase and Microcline. (4): Serpentine group
minerals: Antigorite, Lizardite. (5): Zeolite group minerals: Amicite, Boggsite, Ferrierite. (6): Clay minerals: Illite, Sepiolite,
Smectite, Kaolinite, Montmorillonite. (7): Groundmass: Not crystallized associations observed in thin sections (i.e., for andesitic and
basaltic rocks, the quantities of groundmass were quantified by correlating values of thin section observations and XRD analysis
results). Wy: Unweathered, W: Slightly weathered, W,: Moderately weathered, W3: Highly weathered

stiffness of rock and tendency to water—rock interac-
tions (Arikan et al. 2007).

Increasing the LOI values seen in Table 6 could
also give a relative measure representing the adverse
effects rock weathering on rock aggregate quality
from a mineralogical point of view. Similar trends in
LOI values due to progressive rock weathering were
also reported by Irfan (1994), Arikan et al. (2007),
Ceryan (2008), Regassa et al. (2014), Undiil and
Tugrul (2016) and Koken and Ozarslan (2018).

Moreover, the increase in the Chl., Cl m. and Zeo.
minerals could give a rapid estimation for the assess-
ment of weathering degree in the investigated rocks.
From mineralogical points of view, it was determined
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that the sum of these minerals increased remarkably
with progressive rock weathering for all rock types,
which has similarities with the findings of Ceryan
(2008). Focusing on this phenomenon, remarkable
relationships were also obtained between those of
mineralogical variances, q,,¢, and the LOI (Fig. 6).
Moreover, the serpentinization in ultramafic rocks,
such as dunites and ophiolitic melanges, is another
indicator of rock weathering that shows decreasing its
strength properties (Giannakopoulou et al. 2018).
From the W, type of rock weathering, serpentinization
was obvious for the gabbroic rocks (Table 5), which
could be a key point for the evaluation of degradation
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Table 6 The variatior}s'in Rock type Weathering degree Qmf (mm/mm?) LOI (%)
qms and LOI values arising
from progressive rock (a) Andesite Wo 0.44 0.64
weathering W, 0.97 152
W, 225 2.49
W3 4.14 5.76
(b) Basalt W 0.18 0.95
W, 0.42 2.19
W, 0.75 4.86
W3 1.32 5.39
(¢) Granodiorite Wy 0.40 1.04
\ 1.25 1.96
W, 1.80 3.28
Explanations qpg: Micro- W, 2.77 5.94
frac'tur'e'densny, LOI: Loss (d) Gabbro W, 0.47 0.40
on ignition (%),
Wy: Unweathered, W, 0.85 1.14
W : Slightly weathered, W, 1.63 2.91
W, Moderately weathered, W, 258 6.60
Wj: Highly weathered
(a) (b)
8 - 5
(I) y=0.196x +0.887 | Increasing (I) y=0.150x + 0.636
;\3 r2 =0.83 weathering ziegree < 12 =0.94 °
= ¢ | y=0216x+1616 E 4{(D y=0.539x + 0.235
3 r2=0.78 A(IiI.) P o E 12 =0.98
= ' > 5E _|@Dy=0.640x+0.130
5 k3 g r2=0.78
=] <
£4 g3
B P -
& S
2 (ID) y = 0.276x + 1.121 23;‘, (H\), _--m
L 9 12 =0.74 51 "
¥ (IV) y =0.292x + 0.279 > - =
= g y=0.292x 1 { < o av) y 0503)5.; 50.518
0 0 5 10 15 20 25 % 5 10 15 20 25

Cl m. + Zeo. + Chl. (%)

Cl m. + Zeo. + Chl. (%)

y - Am(ile)site _H " Basalt

(II)
& Granodiorite -4— Gabbro
(I aIv)

Fig. 6 Relationships showing the effects of rock weathering on several mineralogical features a LOI b qy,¢

potential and serviceability duration of them in
different engineering purposes.

Briefly, rock weathering could be quantified and
assessed, focusing on the mineralogical variables of
Chl,, CI m. and Zeo. minerals for the investigated
rocks. The more these minerals are present, the higher
degree of weathering the investigated rocks could
have. The variations in q,,r and LOI values could also
be declared as beneficial parameters that could be
reliably considered for rock weathering and quality
assessments.

4.2 Effects of Rock Weathering on the Aggregate
Properties

Based on the laboratory studies, physical and mechan-
ical rock aggregate properties are listed in Table 7.
Comparing the aggregate properties of W types with
those of W3 types, the rate of decrease (ROD, %) in the
G; values ranged between 7 and 9% for all rock types.
The rate of increase (ROI, %) in the w,, M}, the Sy,
and LAA values were found to be in the ranges of
370-830%, 384-965%, 44-84% and 62-130%,
respectively.
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Table 7 Variations in rock

; o (a) Andesite  Weathering degree (b) Basalt Weathering degree
aggregate properties arising
from progressive rock Wy W, W, W3 Wy W, W, W3
weathering
G, 2.51 2.47 2.37 2.29 G, 2.77 2.71 2.67 2.54
My, (%) 5.66 8.57 15.16 27.44 My, (%) 1.17 1.82 4.04 11.75
LAA (%) 30.39 3474 4556 4930 LAA (%) 1431 1994 2541 32.80
S0 (%) 37.70  46.08 56.32 6590 Sy (%) 40.74 48.19 5348 59.16
w, (%) 1.55 2.63 3.82 8.53 w, (%) 0.32 0.37 0.71 1.93
Explanations Gs: Specific (c) Granodiorite Weathering degree (d) Gabbro Weathering degree
gravity, M,;: Magnesium
sulfate soundness, S,o: The Wo Wi W2 W3 Wo Wi W W3
brittleness index, w,: Water
absorption by weight, LAA: G, 2.83 274 268 262 Gy 291 285 275 2.69
Los Angeles abrasion value, My, (%) 074 151 247 6.60 M, (%) 0.83 140 371 8.84
W,: Unweathered, LAA (%) 20.26 2341 27.66 29.83 LAA (%) 12.07 16.54 1945 26.51
Wi Slightly weathered, Sao (%) 3326 3725 4409 5815 Sy (%) 2541 3657 39.23 46.58
W,: Moderately weathered,
w, (%) 034 071 155 3.17 w, (%) 0.11  0.16 027 052

Wj3: Highly weathered

Based on the above-mentioned variations, it could
be claimed that rock aggregate properties of w, and
M,,; seem to be more prone to progressive rock
weathering rather than the other rock aggregate
properties considered. However, it should be noted
that these findings are only valid for the rocks
investigated, and therefore, the number of samples
should be increased to get generalized inferences.

From the W to W3 types of weathering degrees, the
ROD in Gs was reported at average rates of 1%, 4%,
and 6% for quartzite, basalt, and granites, respectively
(Gupta and Rao 1998). However, Tugrul and Zarif
(2000) and Arel and Tugrul (2001) found no remark-
able changes in the Gs arising from rock weathering
for limestones and granodiorites, respectively. The
most substantial changes in the Gs (for the above-
mentioned comparison, the ROD =~ 18%) arising
from rock weathering was reported for dunites (Undiil
and Tugrul 2012). Apart from the G, the variations in
w, arising from rock weathering were focused more
deeply in several previous studies (Fig. 7).

Accordingly, the increase in w, due to rock
weathering is obvious, and therefore, the w, should
be considered for both evaluating rock weathering
degree and rock aggregate quality. The w,, in this
direction, is not only an important variable for
assessing rock weathering and rock aggregate quality
but also could be a key parameter for determining
asphalt absorption of rock aggregates in bituminous
paving mixtures (Lee 1990; Tarrer and Wagh 1991).
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When reconsidering the previous studies, it was
observed that the effects of rock weathering on
mechanical aggregate properties such as LAA and
S, were not mentioned. In this respect, the laboratory
test results in Table 7 provide a piece of knowledge on
how the LAA and S,y vary with progressive rock
weathering for various rock types.

As for the M, tests, since progressive rock
weathering lets the pore size and geometry be enlarged
in the rock itself (Tugrul 2004), the drainage of
magnesium sulfate solution into rocks is expected to
be much easier in weathered rocks. Furthermore,
progressive rock weathering also leads to generating
additional micro-fissures in rocks. These two phe-
nomena (enlargement of pore size and geometry and
increase in micro-fissures) could be hence attributed to
the substantial increase in the My, values observed in
the investigated rocks with W, and W3 types. The
considerable increase in the M,,; due to rock weath-
ering was also detected for granites located in
southwest England (Irfan and Dearman 1978a).

4.3 Weatherability Trends Based on Various Rock
Aggregate Properties

The weatherability trends of the investigated rocks
were revealed, focusing on the laboratory test results
in Tables 6 and 7. Compared to the aggregate
properties corresponding to the Wy type with those
with weathered ones (W ;—W5), it was determined that



Geotech Geol Eng (2020) 38:5075-5096

5087

Water absorption by weight, wa (%)
0 2 + 6 8 10

12

Explanations

(1) | @ Andesite T Matula et al. (1980)

) Limestone I Tugrul and Zarif (2000)

(3)| B Granodiorite I Arel and Tugrul (2001)

(4a) | O Sandstone
(4b)| O Limestone
Tugrul (2004)
(4c) | M Basalt
(4d)| @ Granodiorite L

(5) | M Dunite T Undiil and Tugrul (2012)

(6a) | @ Monzo-granite T

Holol ,
(6b) [ O grgr?oﬁlilggite Momeni et al. (2015)
(6¢) | O Tonalite |
(7a) | W Andesite i
(7b)| M Basalt

The present study

(7c) | B Granodiorite
(7d)v B Gabbro L

Fig. 7 Variations in w, of various rock types due to progressive rock weathering (W,: Unweathered, W;: Slightly weathered,

W,: Moderately weathered, W5: Highly weathered)

the weatherability trends of the rocks increase expo-
nentially with progressive rock weathering in different
proportions (Fig. 8).

As a result of the correlations in Fig. 8, the
weatherability trends in rocks were quantified as two
constants (i.e., t; and t,), where higher t, values mainly
refer to a higher degree of susceptibility of rock
aggregate properties to progressive rock weathering
(Table 8).

For instance, with regards to the variations in My,
and LOI values, gabbroic rocks seemed to have a
higher susceptibility rather than other rock types. At
the same time, the gabbros were found to have better

rock aggregate properties than those of the others.
When considering the variations in w, values, the
granodiorites presented a higher weatherability trend
for the criterion of C4. Similar weatherability trends
for w, could also be obtained, considering the
variations given in Fig. 7 for other rock types. In
consequence of weatherability trend quantifications
for each evaluation criterion (C;—Cs), all input
parameters for the AHP analyses were compiled.
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Fig. 8 Weatherability trends of the rocks based on various aggregate properties
Table 8 Constants of t; and t, with reference to the evaluation criteria
Criteria C, C, Cs Criteria Cy Cs
Variable My, (%) LAA (%) S20 (%) Variable W, (%) Qmf (mm/mm2)
Constants t to t tr t tr Constants t tr t th
(a) Andesite 0.558  0.53 0.839 0.172 0.836 0.187 (a) Andesite 0.555 0.548 0.484 0.756
(b) Basalt 0393  0.771 0779 0273 0902 0.122  (b) Basalt 0437 0.604 0.564 0.665
(c) Granodiorite  0.478  0.705 0.885 0.137 0.8 0.184  (c) Granodiorite ~ 0.473  0.747  0.671 0.617
(d) Gabbro 0398 0.807 0.789 0.252 0.886 0.188  (d) Gabbro 0.554 0.518 0.574 0.576

Explanations My,: Magnesium sulfate soundness, LAA: Los Angeles abrasion value, S,: The brittleness index, w,: Water absorption
by weight, qu,¢: Micro-fracture density
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4.4 Evaluation of Rock Aggregate Quality
Through the AHP Analyses

The AHP analysis results are given in Table 9.
Accordingly, the higher values obtained from the
AHP analyses, the higher quality has the rock
aggregate. For the criterion of C;, granodiorites
presented the highest rock aggregate quality. Due to
the presence of mafic minerals with relatively greater
grain sizes than those of the other rock types, the
gabbros seemed to be more prone to degradation
against simulated freezing—thawing cycles than the
granodiorites. For the criterion of C,, the granodiorites
and gabbros provided approximately the same quality,
but with a minute difference, the granodiorites took
the lead. For other criteria, such as C3—C4, the gabbros
became much prominent. According to the criterion of
Cs, the andesites presented the lowest aggregate
quality owing to the steep increase in micro-fracture
densities due to progressive rock weathering.

On the other hand, the basaltic rocks with fine-
grained aphanitic texture yielded the prominence in
terms of the criterion of Cs. Contrary to seemingly
having the highest mineralogical suitability, the
basaltic rocks seemed to have a lower rock aggregate
quality together with the andesites based on the
criterion of C;. The granodiorites had a better rock
aggregate quality than the basalts in terms of the
C,—C; criteria.

Briefly, the rocks investigated with respect to rock
aggregate quality could be sorted viably in the
direction of the established criteria. Based on the
general evaluation points (EP), the gabbros (EP =
0.393) were found to have the highest rock aggregate

Table 9 AHP analysis results

Rock type C| C2 C3 C4 C5

(a) Andesite 0.052 0.044 0.079 0.064 0.104

(b) Basalt 0.197 0.166 0.066 0235 0.692
(¢) Granodiorite 0.468 0.399 0.264 0.128  0.077
(d) Gabbro 0.283 0.391 0.592 0574 0.127
Amax 4.0155 4.0147 4.0158 4.0142 4.0150
CI 0.052  0.0049 0.0053 0.0047 0.0050
CR 0.0057 0.0054 0.0059 0.0053 0.0056

Note Bolded values (e.g., 0.592) indicate the rock type with the
highest aggregate quality concerning the evaluation criteria

quality, whereas the andesites (EP = 0.069) presented
the lowest quality in general. In addition, the basalts
(EP = 0.271) and the granodiorites (EP = 0.267)
could be declared as presenting somewhat the same
rock aggregate quality for their use in bituminous
paving mixtures (Table 10).

It should be herein mentioned that the general
evaluation of the investigated rocks (Table 10) is
based on the assumption that each criterion acts
equally (Case I in Fig. 9) on their overall quality.
Should different relative weights of the evaluation
criteria be considered, this gradation would be
changeable. To represent different mechanical and
environmental conditions to which the rocks could
probably be exposed, the weights of the evaluation
criteria were changed intentionally. As seen in Fig. 9,
the gradation of the investigated rocks in terms of their
overall quality changes with changing the relative
weights of the evaluation criteria.

The remarkable changes in these gradations could
be attributed to the fact that the assessment of rock
aggregate quality is a tough issue. Regarding only the
rock aggregate properties seems not to be sufficient. A
comprehensive rock aggregate quality assessment
could only be performed, considering rock aggregate
properties, their weatherability trends, and the envi-
ronmental and mechanical conditions to which the
rocks will be exposed. In this way, the pros and cons of
the investigated rocks could be revealed successfully
under different environmental and mechanical condi-
tions, where the AHP analyses could be highly
beneficial.

With the AHP analyses, theoretical and practical
approaches are gathered successfully. The AHP anal-
yses consider fundamental rock aggregate properties

Table 10 Rock aggregate quality evaluation based on the
AHP analyses

Criterion ~ Rock aggregate quality

C, Granodiorite > Gabbro > Basalt > Andesite

C, Granodiorite &~ Gabbro > Basalt > Andesite
Cs Gabbro > Granodiorite > Andesite > Basalt

Cy Gabbro > Basalt > Granodiorite > Andesite

Cs Basalt > Gabbro > Granodiorite > Andesite

General Gabbro > Basalt &~ Granodiorite > Andesite
EP 0.393 0.271 0.267 0.069
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Casel
C1 =20%
Cr =20%
0.393 Cs =20%
Cy =20%
Cs =20%

Case II
C1 =25%
Cy =15%
C3=5%
C4 =15%
Cs =40%

Gabbro > Basalt = Granodiorite > Andesite Basalt > Gabbro > Granodiorite > Andesite

Case III
C1 =50%
Cy =20%
C3 =10%
Cy =10%
Cs =10%

C1 =30%
C2 =30%
C3 =10%
Cy =10%
Cs =20%

Granodiorite > Gabbro > Basalt > Andesite Gabbro > Granodiorite > Basalt > Andesite

. Andesite . Basalt - Granodiorite D Gabbro

Fig. 9 Rock aggregate quality assessment concerning different relative weights of the evaluation criteria

together with mineralogical features of rocks, techni-
cal requirements and/or suggestions and the weather-
ability trends of rocks. Employing this comprehensive
approach, the investigated rock types could be com-
pared with one another based on different quantitative
evaluation criteria for their use in bituminous paving
mixtures.

It should be, however, underlined that several
complexities were confronted during the setup of AHP
analyses. For instance, during the analyses for the
criterion of C;, it was observed that, although the
gabbros had the highest value of t,, its initial M, value
was one of the lowest (My,wo), = 0.83%) followed by
granodiorites (Myjewo) = 0.74%). Such complexities
were attempted to overcome by integrating such
technical requirements and/or suggestions (Table 2)
into the AHP analyses. The other difficulties were the
interpretation of mineralogical variations and the
weatherability trends of rocks. Due to the mineralog-
ical variances of the rocks, especially for the criterion
of Cs, it was quite difficult to assign a TLV that could
be conformed to all rock types investigated in this
study.
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As to the TLV of qu¢ (< 1.00 mm/mm?), which
was proposed to set over the criterion of Cs, it could be
claimed that the q,,,¢ could be utilized to come up with
a relative measure to assess the rock aggregate quality
from mineralogical and textural perspectives to some
extent. However, it should be kept in mind that the
variations in q,¢ values are highly dependent upon the
mineralogical composition of rocks. Therefore, the
number of samples in rock types should be increased,
and a satisfactory database is needed for further q,¢
evaluations.

Having achieved immense differences in LOI
values obtained in the rocks could not have the
opportunity to let those values be integrated into the
AHP analyses. However, the variations in LOI values
could be regarded as a complementary parameter to
support the criteria of C; and Cs since similar trends
were observed in My, and q,,¢ values (Fig. 10).

4.5 Verification of the AHP Analyses

As seen in Table 11, it is obvious that the investigated
rocks have been previously utilized for different



Geotech Geol Eng (2020) 38:5075-5096

Magnesium sulfate
soundness, Mw1(%)

soundness, M wi(%)

Magnesium sulfate
o (6}

- - N N W
o 1 o wu O a O
1 L 1 L L 1

30+
254
20+
15+

1@

T

T T
oW s

T

Wo A W. T
© H
-6

L5

4

L3

2

' 1
1 omm BN [ . L0

Wo W W, W;

BEM. & 1L0l & Qe

T T 1
A% - N |

5091
. 30+ (b) '7[_‘
K-} g1 - 4.9
L 2§15 N
g 3 = [~ 8
g BT 28
] S 3 ]
§E =357 L18
= 0- . ’ . Lo~
WO W] Wz w3
- 30+ (d) -78
2 zgwy =
£ 3 3 €
=
-} g 4.2
2 5 3 151 31
5 23 35
E g:’m-élo- L, 8
g &2 g
B = 3 51 L1 5
=~ 0 . . . Lo
Wo Wi Wy W;

Fig. 10 The variations in M,,;, LOI and q,,¢ values due to progressive rock weathering a Andesite b Basalt ¢ Granodiorite d Gabbro

Table 11 Summary of previous experiences on the industrial usage of the investigated rocks

Rock type

Practical use

Relative suitability of rock aggregate’

Reference

(a) Andesite

(b) Basalt

(¢) Granodiorite

(d) Gabbro

Coping/dimension stone

Stone pitching

Surface and sub-surface treatment”
Concrete aggregate
Coping/dimension stone

Stone dust/wool

Surface and sub-surface treatment
Concrete aggregate

Railway ballast
Coping/dimension stone

Surface and subsurface-treatment
Concrete aggregate

Surface and sub-surface treatment
Concrete aggregate

Railway ballast

+

+ + 4+ + 4+ + +

+
+
+

T Tk T T T T S S S

+

Erdogan et al. (2012)
Kun (2013)
Koken and Ozarslan (2018)

Aydin (2015)

Dogrudz et al. (2016)
Koken and Ozarslan (2018)
Bayhan and Bagc1 (2018)
Koken (2019)

Erdogan et al. (2012)
Kun (2013)

Koken et al. (2016)
Keserci (2014)

Arioglu (2015)

Koken (2019)

Note The grading of the rock aggregate suitability was made, adopting the referenced publications, reports, and several personal
communications who are experienced in the related rocks

'Relative suitability of the rock aggregates: Poor ( 4+) Moderate (+ +) Good (+ + +)

The surface treatment applications include rock aggregates used highways, stabilized and non-stabilized roads
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purposes such as coping/dimension stone, surface and
sub-surface treatment, concrete, and railway ballast
materials. More deeply, the relative suitability of the
gabbros is quite satisfactory for their previous uses
(Keserci 2014; Arioglu 2015; Koken 2019). In
contrast, the andesites seem to only be satisfactory
for their use in coping/dimension stone (Erdogan et al.
2012; Kun 2013; Koken and Ozarslan 2018). The
basalts could be of primary importance in the use of
stone dust/wool and railway ballast material (Aydin
2015; Dogruoz et al. 2016; Koken and Ozarslan 2016;
Bayhan and Bagc1 2018; Koken 2019). The granodi-
orites could be considered as surface and subsurface
aggregates in highways (Erdogan et al. 2012; Kun
2013; Koken et al. 2016). The above-mentioned
statements are only valid when the W, type of rocks
are considered. Otherwise, the suitability of rocks
could be highly changeable.

Based on the previous experiences on the investi-
gated rocks and their active use in different applica-
tions, it is logical to suppose that the AHP analysis
results seem to be consistent with practical applica-
tions. Moreover, the analysis results also seem to be
coherent when considering the CR values in Table 9.
In other words, since all CR values in Table 9 were
found to be less than 0.10, the AHP analyses could be
admissible, according to Saaty (2008).

When comparing the interpolation methods used to
correlate the RPs and CPs, although all interpolation
methods considered in this study were found to be
admissible, according to Saaty (2008), the exponential
interpolation method provided lesser CR values. It,
therefore, gave more reasonable results than the other

Fig. 11 Comparison of
different interpolation
techniques considered in the
AHP analyses
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interpolation methods did (Fig. 11). Apart from the
exponential interpolation, piecewise functions could
also be beneficial for further AHP analyses, providing
that the declaration of the technical superiority of
rocks over one another is not easy to handle.

5 Conclusions

The present study introduces an AHP methodology for
the evaluation of rock aggregate quality in terms of
bituminous paving mixtures. For the AHP analyses,
four rock types and five evaluation criteria (C;—Cs)
were established. The AHP analysis results indicate
that the methodology followed in this study could be
suitable for the evaluation of rock aggregate quality.
The main results obtained from the present study could
be drawn as follows:

e With progressive rock weathering, mineralogical
features of LOI and q,¢ increase remarkably
(Table 6). For rapid estimations in assessing the
weathering degree of the rocks investigated, the
variations in Cl. m., Chl. and Zeo. minerals could
be considered (Fig. 6). Those variables as a sign of
rock aggregate quality could also be taken part in
estimating the serviceability duration of rock
aggregates.

The rock aggregates properties of G, decrease
slightly, whereas the w,, My,;, the S;o, and LAA
increase considerably with progressive rock
weathering (Table 7). Of these variables, the w,
and My, seem to be more prone to rock weathering

Saaty’s verification limit (Saaty 2008)
@ Linear
Exponential
[ Logarithmic

1,

(@) Cs
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rather than other rock aggregate properties con-
sidered in this study. However, further efforts are
needed to get a generalized inference of whether
those variables would be the most sensitive rock
aggregate properties to rock weathering processes.

e The AHP analyses reveal that different rock types
have several advantages and disadvantages con-
cerning various evaluation criteria. Therefore, the
evaluation of rock aggregate quality through the
AHP could enable mining companies to select and
address proper rock types for various aggregate-
based engineering purposes. Considering the AHP
analyses, different environmental and mechanical
conditions to which the rock could be exposed
could also be represented by changing the relative
weight of the evaluation criteria.

e Particular emphasis should be placed on minimiz-
ing/removing the quantity of weathered particles
from the desired product by selective drilling—
blasting and crushing—screening operations. Since
rock masses with different weathering grades coex-
ist, the adverse effects of rock weathering could be
minimized by selective drilling—blasting and crush-
ing—screening operations to some extent. In this way,
the quality of rock aggregates could be improved,
beginning from the manufacture to their service.

Acknowledgements The authors are greatly indebted to
technician Mehmet Giingdér (Pamukkale University, Turkey)
who prepared the thin sections and technician Hasan Angin
(Zonguldak Biilent Ecevit University, Turkey) who contributed
to the laboratory studies. The authors are also thankful to
Erciiment Aydin (Eray Basalt, Turkey), Giirkan Aydin (Eray
Basalt, Turkey), Goksel Keserci (Alagozler Mining, Turkey),
Dr. Ergin Aroglu (Yapt Merkezi, Turkey), Dr. Yal¢in Koca
(Dokuz Eyliil University, Turkey) and anonymous mining and
geological engineers working in the field who shared their
previous experiences on the several rock masses investigated in
the present study. The authors appreciate the constructive
comments and suggestions of the handling editor and
anonymous reviewers that improved the manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no
conflict of interest.

References

Akbulut H, Giirer C, Cetin S (2011) Use of volcanic aggregates
in asphalt pavement mixes. Proc Inst Civ Eng Transport

162(2):111-123. https://doi.org/10.1680/tran.2011.164.2.
111

Akin M (2010) A quantitative weathering classification system
for yellow travertines. Environ Earth Sci 61:47-61. https://
doi.org/10.1007/s12665-009-0319-7

Al-Harthi AA (2001) A field index to determine strength char-
acteristics of crushed aggregates. Bull Eng Geol Environ
60:193-200. https://doi.org/10.1007/s100640100107

Al-Ansary M, Iyengar SR (2013) Physiochemical characteri-
zation of coarse aggregates in Qatar for construction
industry. Int J Sustain Built Environ 2(1):27-40. https://
doi.org/10.1016/j.ijsbe.2013.07.003

Arel E, Tugrul A (2001) Weathering and its relation to
geomechanical properties of Cavusbasi granitic rocks in
northwestern Turkey. Bull Eng Geol Env 60:123-133.
https://doi.org/10.1007/s100640000091

Arena A, Piane CD, Sarout J (2014) A new computational
approach to cracks quantification from 2D image analysis:
application to micro-cracks description in rocks. Comput
Geosci 66:106-120. https://doi.org/10.1016/j.cageo.2014.
01.007

Arikan F, Ulusal R, Aydin N (2007) Characterization of
weathered acidic volcanic rocks and a weathering classi-
fication based on a rating system. Bull Eng Geol Environ
66:415-430. https://doi.org/10.1007/s10064-007-0087-0

Arioglu E (2015) Personal communication in the 7th National
Aggregate Symposium of Turkey, 5-6 March 2015,
Istanbul

ASTM D692/692M (2015) Standard specification for coarse
aggregate for bituminous paving mixtures. ASTM Inter-
national. https://doi.org/10.1520/D0692_D0692M-15

ASTM C88/C88M (2018) Standard test method for soundness
of aggregates by use of sodium sulfate or magnesium
Sulfate. ASTM International. https://doi.org/10.1520/
C0088_C0O088M-18

ASTM C131/C131M (2020) Standard test method for resistance
to degradation of small-size coarse aggregate by abrasion
and impact in the Los Angeles Machine. ASTM Interna-
tional. https://doi.org/10.1520/C0131_C0131M-20

ASTM D7348 (2013) Standard test methods for loss on ignition
(LOI) of solid combustion residues. ASTM International.
https://doi.org/10.1520/D7348-13

Aydin E (2015) Personal communication in the 7th National
Aggregate Symposium of Turkey, 5-6 March 2015,
Istanbul

Azzoni A, Bailo F, Rondena E, Zaninetti A (1996) Assessment
of texture coefficient for different rock types and correla-
tion with uniaxial compressive strength and rock weath-
ering. Rock Mech Rock Eng 29(1):39-46

Bayhan M. and Bagc1 M (2018) The investigation of aggregate
properties of Isikkara Village (Kiitahya) basalt, In: 71th
Geological Congress of Turkey, Ankara, pp 283-284

Beavis FC (1985) Engineering Geology. Blackwell Scientific,
Melbourne

Bell FG (2007) Engineering Geology, 2nd edn. Butterworth-
Heinemann, Jordan Hill

Beshr H, Almusallam AA, Maslehuddin M (2003) Effect of
coarse aggregate quality on the mechanical properties of
high strength concrete. Const Build Mater 17(2):97-103.
https://doi.org/10.1016/S0950-0618(02)00097-1

@ Springer


https://doi.org/10.1680/tran.2011.164.2.111
https://doi.org/10.1680/tran.2011.164.2.111
https://doi.org/10.1007/s12665-009-0319-7
https://doi.org/10.1007/s12665-009-0319-7
https://doi.org/10.1007/s100640100107
https://doi.org/10.1016/j.ijsbe.2013.07.003
https://doi.org/10.1016/j.ijsbe.2013.07.003
https://doi.org/10.1007/s100640000091
https://doi.org/10.1016/j.cageo.2014.01.007
https://doi.org/10.1016/j.cageo.2014.01.007
https://doi.org/10.1007/s10064-007-0087-0
https://doi.org/10.1520/D0692_D0692M-15
https://doi.org/10.1520/C0088_C0088M-18
https://doi.org/10.1520/C0088_C0088M-18
https://doi.org/10.1520/C0131_C0131M-20
https://doi.org/10.1520/D7348-13
https://doi.org/10.1016/S0950-0618(02)00097-1

5094

Geotech Geol Eng (2020) 38:5075-5096

Beushausen H, Dittmer T (2015) The influence of aggregate
type on the strength and elastic modulus of high strength
concrete. Const Build Mater 74:132-139. https://doi.org/
10.1016/j.conbuildmat.2014.08.055

Brand A, Roesler JR, Salas A (2015) Initial moisture and mixing
effects on higher quality recycled coarse aggregate con-
crete. Const Build Mater 79:83-89. https://doi.org/10.
1016/j.conbuildmat.2015.01.047

BS 7043 EN 13450 (2002) Aggregates for railway ballast.
British Standards Institution, London

BS EN 1367-2 (2009) Tests for thermal weathering properties of
aggregates: magnesium sulfate test. British Standards
Institution, London

BS EN 1097-2 (2010) Tests for mechanical and physical prop-
erties of aggregates: methods for the determination of
resistance to fragmentation. British Standards Institution,
London

BS EN 1097-6 (2013) Tests for mechanical and physical prop-
erties of aggregates: determination of particle density and
water absorption. British Standards Institution, London

Carrion F, Montalban L, Real JI, Real T (2014) Mechanical and
physical properties of polyester polymer concrete using
recycled aggregates from concrete sleepers. Sci World J.
https://doi.org/10.1155/2014/526346

Choorackal E, Riviera PP, Santagata E (2019) Mix design and
mechanical characterization of self-compacting cement-
bound mixtures for paving applications. Const Build Mater
229:116894. https://doi.org/10.1016/j.conbuildmat.2019.
116894

Ceryan S (2008) New chemical weathering indices for esti-
mating the mechanical properties of rocks: a case study
from the Kiirtiin Granodiorite, NE Turkey. Turkish J Earth
Sci 17(1):187-207

Ceryan S, Tudes S, Ceryan N (2008) Influence of weathering on
the engineering properties of Harsit granitic rocks (NE
Turkey). Bull Eng Geol Environ 67:97-104. https://doi.
org/10.1007/s10064-007-0115-0

Dahl F, Bruland A, Jakobsen PD, Nilsen B, Grov E (2012)
Classifications of properties influencing the drillability of
rocks, based on the NTNU/SINTEF test method. Tunnel
Undergr Space Tech 28:150-158. https://doi.org/10.1016/
j-tust.2011.10.006

Demirbilek M (2005) Geology of Ilica—Sobran (Kiitahya) Pro-
vince, Master Thesis, Selcuk University, Konya

Dogrudz C, Demirbilek M, Arslan U, Ugar A, Ogul K, Kibici Y
(2016) Evaluation of Basalt located in Kiitahya Ilica
Region. 8th Int. Aggregate Symp, Kiitahya, pp 420-428

Erdogan M, Gengoglu H, Mahmutoglu Y (2012) Industrial raw
material possibilities of the Biga Peninsula. Bull Min Res
Exp Turkey 28:274-278

Erendil A, Aksoy A, Kuscu I (1991) Geology of Bolu Massif
and its vicinity, Bull Min Res Exp Turkey. Special Report
(No: 379)

Giannakopoulou PP, Petrounias P, Rogkala A, Tsikouras B,
Stamatis PM, Pomonis P, Hatzipanagiotou K (2018) The
influence of the mineralogical composition of ultramafic
rocks on their engineering performance: a case study from
the Veria-Naousa and Gerania Ophiolite Complexes
(Greece). Geosciences 8(7):251. https://doi.org/10.3390/
geosciences8070251

@ Springer

Gokceoglu C, Zorlu K, Ceryan S, Nefeslioglu HA (2009) A
comparative study on indirect determination of degree of
weathering of granites from some physical and strength
parameters by two soft computing techniques. Mater
Character 60(11):1317-1327. https://doi.org/10.1016/j.
matchar.2009.06.006

Gupta AS, Rao KS (1998) Index properties of weathered rocks:
inter-relationships and applicability. Bull Eng Geol Envi-
ron 57:161-172. https://doi.org/10.1007/s100640050032

Giirocak Z, Yalcin E (2016) Excavatability and the effect of
weathering degree on the excavatability of rock masses: an
example from Eastern Turkey. J Afr Earth Sci 118:1-11.
https://doi.org/10.1016/j.jafrearsci.2016.02.017

Herndon DA, Xiao F, Amirkhanian S, Wang H (2016) Investi-
gation of Los Angeles value and alternate aggregate gra-
dations in OGFC mixtures. Const Build Mater
110:278-285. https://doi.org/10.1016/j.conbuildmat.2016.
01.008

Ioannou I, Fournari R, Petrou MF (2013) Testing the soundness
of aggregates using different methodologies. Const Build
Mater 40:604—610. https://doi.org/10.1016/j.conbuildmat.
2012.11.047

Irfan TY (1994) Aggregate properties and resources of granitic
rocks for use in concrete in Hong Kong. Q J Eng Geol
27:25-38. https://doi.org/10.1144/GSL.QJEGH.1994.027.
P1.05

Irfan TY (1999) Characterization of weathered volcanic rocks in
Hong Kong. Q J Eng Geol 32:317-348. https://doi.org/10.
1144/GSL.QJEG.1999.032.P4.03

Irfan TY, Dearman WR (1978a) Characterisation of weathering
grades in granite using standard tests on aggregates.
Annales de la Societe Geologique de Belgique 101:67-69

Irfan TY, Dearman WR (1978b) The engineering petrography of
a weathered grantite, in Cornwall, England. Q J Eng Geol
11:233-244. https://doi.org/10.1144/GSL.QJEG.1978.
011.03.03

Ishizaka A, Labib A (2009) Analytic hierarchy process and
expert choice: benefits and limitations. OR Insight
22(4):201-220. https://doi.org/10.1057/0ri.2009.10

Iskender E, Aksoy A, Sayin A, Erdol B (2016) Effects of
aggregate-additive combinations and gradation properties
for asphalt mixture stripping. In: 6th Eurasphalt & Euro-
bitume Congress, Prague

ISRM (2007) ISRM: the complete ISRM suggested methods for
rock characterization, testing and monitoring: 1974-2006.
In: Ulusay R, Hudson JA(eds) Suggested methods prepared
by the commission on testing methods. Int. Soc. Rock
Mech. (ISRM), Ankara, Turkey

Jaboyedoff M, Baillifard F, Bardou E, Girod F (2004) The effect
of weathering on Alpine rock instability. Quar J Eng Geol
Hydrogeol 37(2):95-103. https://doi.org/10.1144/1470-
9236/03-046

Jayawickrama PW, Hossain S, Hoare AR (2007) Lon-term
research on bituminous coarse aggregate: use of micro-
deval test for project level aggregate quality control,
Research Report (No: FHWA/TX-06/0-1707-9). Texas
Technical Univesity, Texas

Kalra M, Mehmood G (2018) A Review paper on the effect of
different types of coarse aggregate on concrete. [OP Conf
Ser Mater Sci Eng 431:1-7. https://doi.org/10.1088/1757-
899X/431/8/082001


https://doi.org/10.1016/j.conbuildmat.2014.08.055
https://doi.org/10.1016/j.conbuildmat.2014.08.055
https://doi.org/10.1016/j.conbuildmat.2015.01.047
https://doi.org/10.1016/j.conbuildmat.2015.01.047
https://doi.org/10.1155/2014/526346
https://doi.org/10.1016/j.conbuildmat.2019.116894
https://doi.org/10.1016/j.conbuildmat.2019.116894
https://doi.org/10.1007/s10064-007-0115-0
https://doi.org/10.1007/s10064-007-0115-0
https://doi.org/10.1016/j.tust.2011.10.006
https://doi.org/10.1016/j.tust.2011.10.006
https://doi.org/10.3390/geosciences8070251
https://doi.org/10.3390/geosciences8070251
https://doi.org/10.1016/j.matchar.2009.06.006
https://doi.org/10.1016/j.matchar.2009.06.006
https://doi.org/10.1007/s100640050032
https://doi.org/10.1016/j.jafrearsci.2016.02.017
https://doi.org/10.1016/j.conbuildmat.2016.01.008
https://doi.org/10.1016/j.conbuildmat.2016.01.008
https://doi.org/10.1016/j.conbuildmat.2012.11.047
https://doi.org/10.1016/j.conbuildmat.2012.11.047
https://doi.org/10.1144/GSL.QJEGH.1994.027.P1.05
https://doi.org/10.1144/GSL.QJEGH.1994.027.P1.05
https://doi.org/10.1144/GSL.QJEG.1999.032.P4.03
https://doi.org/10.1144/GSL.QJEG.1999.032.P4.03
https://doi.org/10.1144/GSL.QJEG.1978.011.03.03
https://doi.org/10.1144/GSL.QJEG.1978.011.03.03
https://doi.org/10.1057/ori.2009.10
https://doi.org/10.1144/1470-9236/03-046
https://doi.org/10.1144/1470-9236/03-046
https://doi.org/10.1088/1757-899X/431/8/082001
https://doi.org/10.1088/1757-899X/431/8/082001

Geotech Geol Eng (2020) 38:5075-5096

5095

Karpuz C, Pagamehmetoglu AG (1997) Field characterization
of weathered Ankara andesites. Eng Geol 46(1):1-17.
https://doi.org/10.1016/S0013-7952(96)00002-6

Kencanawati NN, Akmaluddin MIN, Nuraida N, Hadi IR, Shi-
geishi M (2017) Improving of recycled aggregate quality
by thermo-mechanical-chemical process. Proc Eng
171:640-644.  https://doi.org/10.1016/j.proeng.2017.01.
399

Keserci G (2014) Special report of Alagozler Mining Sand, and
Gravel Corporation, Zonguldak

Khanal S, Tamrakar NK (2009) Evaluation of quality of cru-
shed-limestone and siltstone for road aggregates. Bull Dep
Geol 12:29-42

Kimiya K (1982) Physical, chemical, and mineralogical prop-
erties of weathering crust of granitic rocks distributed in
Antioquia, Colombia. J Japan Soc Eng Geol 23(2):76-82

Koca Y, Kincal C (2016) The relationships between the rock
material properties and weathering grades of andesitic
rocks around Izmir, Turkey. Bull Eng Geol Environ
75:709-734. https://doi.org/10.1007/s10064-015-0813-y

Koca TK, Koca Y (2019) Classification of weathered andesitic
rock materials from the Izmir Subway line on the basis of
strength and deformation. Bull Eng Geol Environ
78(5):3575-3592.  https://doi.org/10.1007/s10064-018-
1346-y

Koken E (2019) Investigation of basaltic aggregate material
properties under different mechanical and environmental
conditions, Dissertation, Zonguldak Bulent Ecevit
University, Zonguldak, 193 pp

Koken E, Ozarslan A (2016) Development of proposals for
utilization of point load strength to estimate the strength
ballast material, In. 8th Int. Aggregate Symp., Kiitahya,
pp 73-83

Koken E, Ozarslan A (2018) Investigation of andesites exposed
in the vicinity of Sarni¢ Village (Havran / Balikesir) in
terms of weathering and decomposition process, Selcuk
Univ J Eng Sci Tech 6(2): 296-316. 10.15317/
Scitech.2018.134

Koken E, Ozarslan A, Bacak G (2016) Weathering effects on
physical properties and material behavior of granodiorite
rocks. In: Rock Mechanics and Rock Engineering—From
the past to the future Ulusay et al. (Eds), ISRM Interna-
tional Symposium, EUROCK, pp 331-336.

Koken E, Aydin H, Ozarslan A (2018) Investigation of Sy
brittleness index in terms of the crushability of rocks (in
Turkish), Sci. Min. J. Special issue 57:73-83

Krushensky R, Akcay Y, Karaege E (1980) Geology of the
Karalar—Yesilller area, Northwest Anatolia. Geol Survey
Bull 1461, 72 pp.

Kun N (2013) Industrial row materials in Izmir and its
perimeter, In: 2nd Izmir city symposium (in Turkish),
Izmir, pp. 753-758

Langer WH (2001) Geological considerations affecting aggre-
gate specifications. In: Aggregates-concrete, bases and
fines, 9th annual symposium on Int. Center for aggregates
research (ICAR), Austin

Langer W (2016) Sustainability of aggregates in construction.
Civ  Struc Eng. https://doi.org/10.1016/B978-0-08-
100370-1.00009-3

Lee D.Y. (1990) Absorption of asphalt into porous aggregates,
Strategic Highway Res. Prog. Report (No: SHRP-A/UIR
90-009, Washington, 28 pp

Marques EAG, Barroso EV, Menezes Filho AP, Vargas EA Jr
(2010) Weathering zones on metamorphic rocks from Rio
de Janeiro—physical, mineralogical and geomechanical
characterization. Eng Geol 111(1-4):1-18. https://doi.org/
10.1016/j.enggeo.2009.11.001

Matula M, Hyankova A, Ondrasik R (1980) Influence of pet-
rogenetic features on the physical properties of the west
Carpathian andesites. Bull Int Assoc Eng Geol 22:245-252

Momeni AA, Khlanlari GR, Heidari M, Sepahi AA, Bazvand E
(2015) New engineering geological weathering classifica-
tions for granitoid rocks. Eng Geol 185:43-51. https://doi.
org/10.1016/j.enggeo.2014.11.012

Okay Al, Satir M, Maluski H, Siyako M, Monie P, Metzger R,
Akyiiz S, Yin A (1996) Paleo and Neo-Tethyan events in
Northwestern Turkey: geologic and geochronologic con-
straints. In: Harrison M (ed) Tectonics of Asia. Cambridge
University Press, Cambridge, MA, pp 420441

Omary S, Ghorbel E, Wardeh G (2016) Relationships between
recycled concrete aggregates characteristics and recycled
aggregates concrete properties. Const Build Mater
108:163—174. https://doi.org/10.1016/j.conbuildmat.2016.
01.042

Rajagopal AR, Crago DC (2007) A comparative evaluation of
the Corelok device in determining reliable bulk specific
gravity and maximum specific gravity test results, Federal
Highway Administration of the USA, Report No: FHWA/
OH-2007/07, Cincinnati, 92 pp

Regassa A, Van Daele K, De Paepe P, Dumon O, Deckers J,
Asrat A, Van Ranst E (2014) Characterizing weathering
intensity and trends of geological materials in the Gilgel
Gibe catchment, southwestern Ethiopia. J Afr Earth Sci
99:568-580. https://doi.org/10.1016/j.jafrearsci.2014.05.
012

Rigopoulos I, Tsikouras B, Pomonis P, Hatzipanagiotou K
(2012) The impact of petrographic characteristics on the
engineering properties of ultrabasic rocks from northern
and central Greece. Q J Eng Geol Hydrogeol 45:422-433.
https://doi.org/10.1144/qjegh2012-021

Saaty TL (1980) The analytic hierarchy process. McGraw-Hill,
New York

Saaty TL (2008) Decision making with the analytic hierarchy
process. Int J Serv Sci 1:83-86

Sernas O, Vorobjovas V, Sneideraitiene L, Vaitkus A (2016)
Evaluation of asphalt mix with dolomite aggregates for
wearing layer. Transport Res Proc 12:732-737. https://doi.
org/10.1016/j.trpro.2016.05.340

Smith MR, Collis L (2001) Aggregates: Sand, gravel and cru-
shed rock aggregates for construction purposes, 3rd edn.
Geological Society of London, London

Tahmoorian F, Samali B, Tam VWY, Yeaman J (2017) Eval-
uation of mechanical properties of recycled material for
utilization in asphalt mixtures. Appl Sci 7(8):763. https://
doi.org/10.3390/app7080763

Tarrer AR, Wagh V (1991) The effect of physical and chemical
characteristics of the aggregate in bonding, Strategic
Highway Res. Prog. Report No: SHRP-A/UIR 97-507,
Washington, 24 pp

@ Springer


https://doi.org/10.1016/S0013-7952(96)00002-6
https://doi.org/10.1016/j.proeng.2017.01.399
https://doi.org/10.1016/j.proeng.2017.01.399
https://doi.org/10.1007/s10064-015-0813-y
https://doi.org/10.1007/s10064-018-1346-y
https://doi.org/10.1007/s10064-018-1346-y
https://doi.org/10.1016/B978-0-08-100370-1.00009-3
https://doi.org/10.1016/B978-0-08-100370-1.00009-3
https://doi.org/10.1016/j.enggeo.2009.11.001
https://doi.org/10.1016/j.enggeo.2009.11.001
https://doi.org/10.1016/j.enggeo.2014.11.012
https://doi.org/10.1016/j.enggeo.2014.11.012
https://doi.org/10.1016/j.conbuildmat.2016.01.042
https://doi.org/10.1016/j.conbuildmat.2016.01.042
https://doi.org/10.1016/j.jafrearsci.2014.05.012
https://doi.org/10.1016/j.jafrearsci.2014.05.012
https://doi.org/10.1144/qjegh2012-021
https://doi.org/10.1016/j.trpro.2016.05.340
https://doi.org/10.1016/j.trpro.2016.05.340
https://doi.org/10.3390/app7080763
https://doi.org/10.3390/app7080763

5096

Geotech Geol Eng (2020) 38:5075-5096

Thomas J, Thaickavil NN, Wilson PM (2018) Strength and
durability of concrete containing recycled concrete
aggregates. J Build Eng 19:349-365. https://doi.org/10.
1016/j.jobe.2018.05.007

Tugrul A (1995) The effects of weathering on the engineering
properties in the Niksar region, Dissertation, Istanbul
University, Istanbul

Tugrul A (2004) The effect of weathering on pore geometry and
compressive strength of selected rock types from Turkey.
Eng Geol 75(3-4):215-227. https://doi.org/10.1016/j.
enggeo.2004.05.008

Tugrul A, Zarif TH (2000) Engineering aspects of limestone
weathering in Istanbul, Turkey. Bull Eng Geol Environ
58:191-206. https://doi.org/10.1007/s100640050075

Undiil O, Tugrul A (2012) The influence of weathering of the
engineering properties of dunites. Rock Mech Rock Eng
45(2):225-239. https://doi.org/10.1007/s00603-011-0174-
1

Undiil O, Tugrul A (2016) On the variations of geo-engineering
properties of dunites and diorites related to weathering.
Environ Earth Sci 75:1326. https://doi.org/10.1007/
$12665-016-6152-x

@ Springer

Wu Y, Parker F, Kandhal K (1998) Aggregate toughness/abra-
sion resistance and durability/soundness tests related to
asphalt concrete performance in pavements, NCAT Report
(NO: 98-4), National Center for Asphalt Technology,
Auburn University, Alabama, 24 pp

Yang S, Lee H (2017) Mechanical properties of recycled
aggregate concrete proportioned with modified equivalent
mortar volume method for paving applications. Const
Build Mater 136(1):9-17.  https://doi.org/10.1016/j.
conbuildmat.2017.01.029

Zorlu K, Gokceoglu C, Ocakoglu F, Nefeslioglu HA, Acikalin S
(2008) Prediction of uniaxial compressive strength of
sandstones using petrography-based models. Eng Geol
96(3-4):141-158. https://doi.org/10.1016/j.enggeo.2007.
10.009

Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.


https://doi.org/10.1016/j.jobe.2018.05.007
https://doi.org/10.1016/j.jobe.2018.05.007
https://doi.org/10.1016/j.enggeo.2004.05.008
https://doi.org/10.1016/j.enggeo.2004.05.008
https://doi.org/10.1007/s100640050075
https://doi.org/10.1007/s00603-011-0174-1
https://doi.org/10.1007/s00603-011-0174-1
https://doi.org/10.1007/s12665-016-6152-x
https://doi.org/10.1007/s12665-016-6152-x
https://doi.org/10.1016/j.conbuildmat.2017.01.029
https://doi.org/10.1016/j.conbuildmat.2017.01.029
https://doi.org/10.1016/j.enggeo.2007.10.009
https://doi.org/10.1016/j.enggeo.2007.10.009

	Assessment of Rock Aggregate Quality Through the Analytic Hierarchy Process (AHP)
	Abstract
	Introduction
	Materials and Methods
	Materials
	Methods
	Mineralogical and Textural Analyses
	Loss on Ignition Tests, Micro-fracture Density, and Micro-petrographical Index Measurements
	Water Absorption and Specific Gravity Tests
	Los Angeles Abrasion Tests
	Magnesium Sulfate Soundness Tests
	The S20 Brittleness Index Test


	Analytic Hierarchy Process (AHP)
	Results and Discussion
	Effects of Rock Weathering on The Mineralogical and Textural Features
	Effects of Rock Weathering on the Aggregate Properties
	Weatherability Trends Based on Various Rock Aggregate Properties
	Evaluation of Rock Aggregate Quality Through the AHP Analyses
	Verification of the AHP Analyses

	Conclusions
	Acknowledgements
	References




