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Abstract: This paper examines the effect of the aggregate type on concrete strength and more
specifically how the petrographic characteristics of various aggregate rocks as well as their physicomechanical properties influences the durability of C 25/30 strength class concrete. The studied
aggregate rocks are derived from Veria-Naousa and Edessa ophiolitic complexes as well as
granodiorite and albitite rocks from their surrounding areas in central Macedonia (Greece).
Concretes are produced with constant volume proportions, workability, mixing and curing
conditions using different sizes of each aggregate type. Aggregates were mixed both in dry and
water saturated states in concretes. Six different types of aggregates were examined and classified
in three district groups according to their physicomechanical properties, petrographic
characteristics and surface texture. The classification in groups after the concrete compressive
strength test verified the initial classification in the same three groups. Group I (ultramafic rocks)
presents the lowest concrete strengths, depending on their high alteration degree and the low
mechanical properties of ultramafic aggregates. Group II (mafic rocks and granodiorite) presents a
wide range of concrete strengths, depending on different petrographic characteristics and
mechanical properties. Group III (albite rocks) presents the highest concrete strengths, depending
on their lowest alteration degree and their highest mechanical properties. Therefore mineralogy and
microstructure of the coarse aggregates affects the final strength of the concrete specimens.
Keywords: petrographic characteristics; physicomechanical properties; concrete petrography
1. Introduction
Concrete is the most used man-made material among all, which comprises a mixture of mortar,
aggregates and water [1-4]. The basic component of concrete is the material which binds the aggregate
particles together, commonly comprising a mixture of cement and water [1,5,6]. Concrete structures
can be described as a three-phase system composed by hardened cement paste, aggregate and the
interface between aggregate particles and cement paste [7,8]. Aggregates are the major constituents
of concrete typically occupying between 70% and 80% of its volume. Therefore it is expected that
aggregates have an important influence on the concrete parameters [9]. The selection of the coarse
aggregate type in concrete is a dominant factor for the quality of concrete. For the same quality
cement, different lithotypes of coarse aggregates characterized by different micro-roughness,
mineralogical composition, structure and compressive strength may result in different concrete
compressive strength [10,11].
Τhe mineralogical composition of the aggregates and more specifically their alteration degree
strongly influence their mechanical behavior and their in-service performance [10,12-17]. Increased
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percentages of certain secondary minerals affect negatively the physical, as well as the mechanical
properties of aggregates due to their smooth layers, cleavage and platy or fibrous crystal habit [10,17].
The increased number of construction failures has highlighted the importance of understanding that
mineralogy is a mean to diagnose problems in engineering constructions. The physico-mechanical
properties of rocks used as aggregates are the most significant parameters in any application and in
their classification for various engineering purposes. Physicomechanical properties depend on the
petrographic characteristics (mineralogical composition, texture, size, shape and arrangement of
mineral grains, nature of grains contact, and degree of grain interlocking), alteration and deformation
degree of the source rock [18-22]. Τhe mineralogical composition of the aggregates and more
specifically their alteration degree strongly influences their mechanical behavior and their in-service
performance [10,12-17]. Increased percentages of certain secondary minerals affect negatively the
physical, as well as the mechanical properties of aggregates due to their smooth layers, cleavage and
platy or fibrous crystal habit [10,17], which definitely have an adverse effect on their performance as
concrete aggregates [10].
Nowadays, many researchers [11,23-25] have endeavored to examine the effect of different
lithotypes of aggregates but there are limited results about correlations between different types of
aggregates on concrete strength. Ozturan and Cecen [26] have been focused on the influence of coarse
aggregate type on mechanical properties of concretes made with basalt and gravel, which have given
similar compressive strength, while limestone concrete attained a somewhat higher strength. Yilmaz
and Tugrul [11] studied the effect of coarse aggregate on the compressive strength of concrete. They
reported that concrete mixtures prepared with subarkose aggregates have nearly 40-50% higher
compressive strength compared to subarkose-arkose, sublitharenite-litharenite and arkose
aggregates. Presumably, the combination of mineralogical composition and microroughness of the
aggregate particles plays a very important role in the adherence of the cement paste [10]. The high
microroughness of the aggregate particles, which is related to the presence of less secondary
phyllosilicate minerals and to the differential hardness of their minerals, promotes bonding of the
aggregates with the cement paste thus leading to higher quality concretes.
The aim of this study is to investigate the properties of a series of coarse crushed aggregate rocks
ranging in composition from acidic through mafic to ultramafic, which can be used for the
preparation of concretes. The results of the current investigation show the influence of the
mineralogical composition and physico-mechanical properties of different lithotypes on the concrete
strength. Moreover, the interfaces between six types of aggregates with the cement paste were
investigated, in order to highlight the influence of the mineralogical composition of aggregates on
the bond strength of the interface.
2. Geological setting
In this case study, representative ultramafic and mafic rocks from ophiolitic rocks as well as
granodiorite and an albitite from Veria-Naousa and Edessa in central Macedonia of Greece were
collected and their performances as concrete aggregates were investigated.
2.1 Veria-Naousa ophiolitic complex
The Veria-Naousa ophiolite complex in northern Greece belongs to the Almopias subzone of the
Axios geotectonic zone (Figure 1). This complex consists, from base to top, from serpentinized
lherzolite and harzburgite, interfered by few pyroxenitic dykes [27], as well as gabbro, diabase and
pillow basalt which are considered to be remnants of oceanic lithosphere that have been placed onto
Late Triassic-Jurassic platform carbonates of the Pelagonian Zone, during Upper Jurassic to Lower
Cretaceous [28,29]. The serpentinized peridotites are characterized by high tectonic stress, expressed
by an intense network of joints. Rare rodingite dykes disrupted these ultramafic rocks. Moreover,
conglomeratic limestone, flysch and breccia limestone of Neogene to Quaternary age lie
uncomfortably on the ophiolitic rocks. Granite to granodiorite intrusion is observed near Trilofos
village. The eastern contact of the ophiolite with the Pelagonian carbonates is dominated by a
cataclastic zone of diabasic fragments and albitite veins. Small-sized bodies of pyroxenites occur
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within serpentinized harzburgite. Pliocene volcanic rocks of the Almopias subzone ranging in
composition from trachyte to andesite occur to the east of the ophiolitic complex.

Figure 1. Geological map of the Veria-Naousa region ([10,30]; modified after fieldwork and
mapping by using ArcMap 10.1); the rectangle in the inset shows the study area.

2.2 Edessa ophiolitic complex
The Edessa ophiolite represents remnants of oceanic lithosphere which was thrust out of one or
more ocean basins during Upper Jurassic to Lower Cretaceous time [31,32]. It is tectonically very
complex and consists of several tectonic units [29,33]. The ophiolitic complex includes highly
serpentinized lherzolite, serpentinized harzburgite diorite, gabbro, diabase and basalt (Figure 2). The
serpentinized harzburgite is the dominant rock type among the ultramafics and enclose chromitite,
which forms lenses or beds. Massive diabase and basalt are thrust over serpentinized harzburgite
and pass upwards into basaltic pillow-lava flows. The ophiolitic complex is dismembered and
scattered due to the intensive tectonism. Ophiolitic rocks are conformably overlain by Middle-Upper
Cretaceous to Paleocene transgressive sediments (conglomeritic limestone, flysch) and Neocene
deposits (alluvial sediments, talus, travertine) (Figure 2). Furthermore, volcanic rocks are east of the
ophiolites and they belong to the Almopias subzone. They are andesites and rhyolite which formed
during Pliocenic time and according to Sr-Nd isotopes they associated with a SSZ tectonic
environment [34].
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Figure 2. Geological map of the Edessa region ([35]; modified after fieldwork and mapping by
using ArcMap 10.1); the rectangle in the inset shows the study area.

3. Materials and Methods
3.1 Materials
Twelve samples from crushed aggregates from six different lithologies were used to prepare
concrete specimens (Table 1). The same aggregates were tested for their physicomechanical
properties (Table 2). Normal Portland cement (CEM II 32.5N) which conformed to EN 197-1 [36] was
used with the aggregates for the production of concrete. Potable tap water, free of impurities such as
salt, silt, clay and organic matter, was used for mixing and curing the concrete. The pH value of water
was 7.0. In order to keep a consistent composition for all the concrete specimens, we adopted the
principle of maintaining the same volume of aggregate per 1m3 of the mixture. The proportions of the
concrete mixtures, by mass, were 1/6/0.63 cement, aggregate and water ratio.
3.2 Aggregate tests
The studied samples were first crushed into smaller pieces by hammer. Aggregate fractions were
prepared from the smaller pieces using a laboratory jaw crusher. Laboratory core drill and saw
machines were used to prepare cylindrical specimens. Their diameters range between 50 and 54 mm
and the ratio of length to diameter was between 2.2 and 2.5 mm.
The physical properties which were studied for the tested samples were the total porosity (nt)
and the moisture content (w). In the studied samples the moisture content (w) was measured
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according to the standard AASHTO T-255 [37]. The total porosity (nt) was calculated using specimens
of rocks according to the ISRM 1981 standard [38].
The examined mechanical properties of the rock samples were the Los Angeles abrasion value
(LA) and the uniaxial compressive strength (UCS). The Los Angeles abrasion (LA) is a test to
determine coarse aggregate strength. It is the test of resistance to fragmentation in accordance with
ASTM C-131 [39]. The uniaxial compressive strength (UCS) was examined on core cylindrical
samples according to the ASTM D 2938-95 [40] specification and the arithmetic mean value was
calculated for six specimens of each sample.
The mineralogical and textural characteristics were examined in polished thin sections with a
polarizing microscope according to EN-932-3 [41] standard for petrographic description of
aggregates. Thin sections were prepared to study the mineralogical composition and textural
characteristics of the studied rocks. The thin sections were examined under a petrographic
microscope (Leitz Ortholux II POL-BK Ltd., Midland, ON, Canada) for mean grain size and grain
shape. The bulk mineral composition of the studied samples was also determined by X-Ray
Diffraction (XRD), using a Bruker D8 advance diffractometer, with Ni-filtered CuKα radiation.
Random powder mounts were prepared by gently pressing the powder into the cavity holder. The
scanning area for bulk mineralogy of specimens covered the 2θ interval 2–70°, with a scanning angle
step size of 0.015° and a time step of 0.1 s. The mineral phases were determined using the
DIFFRACplus EVA 12® software (Bruker-AXS, Gmbtl, Karlsruhe, Germany) based on the ICDD
Powder Diffraction File of PDF-2 2006.
The surface texture of aggregate samples was studied by using Secondary Electron Images (SEI)
according to BS 812 Part 1 [42] which outlines six qualitative categories, e.g. glassy, smooth, granular,
rough, crystalline, honeycomb and porous.
3.3 Concrete tests
Twelve normal concrete cube specimens (150×150 mm) were made from the six different
aggregate types (Table 1), according to ACI-211.1-91 [43]. All of the parameters remained constant in
all the concrete specimens. The aggregate were crushed through standard sieves a separated into the
size classes of 2.00-4.75, 4.45-9.5 and 9.5-19.1 mm. After 24h, the samples were removed from the
mold and were cured in water for 28 days. Curing temperature was 20±3 oC. These specimens were
tested in a compression testing machine at an increasing rate of load of 140 kg/cm2 per minute. The
compressive strength of concrete is calculated by the division of the value of the load at the moment
of failure over the area of specimen. The compression test was elaborated according to BS EN 123903:2009 [44].
After the compressive strength test, the textural characteristics of concretes were examined.
Polished thin sections were studied in a polarizing microscope according to ASTM C856 – 17 [45].

Table 1. Number of concrete cubes for each aggregate type

Aggregate

Diabase

Serpentinite

Albitite

Gabbro

Diorite

Granodiorite

4

2

2

2

1

1

type
Concrete
cube
4. Results
4.1. Physico-mechanical properties of aggregates
The results of the physicomechanical properties enabled us to determine three discrete groups
(Table 2). Mechanical and physical values of the tested rocks display a wide variation even within
the same lithology.
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Table 2. Results of physical and mechanical properties of the studied aggregates

Samples

Aggregate

Lithotype

Porosity (%)

Moisture content (%)

Grading

Los

Compressive

Angeles

strength

(%)

(MPa)*

I
II
III

Group

Group

Group

(N=6)

BE.122B

Serpentinite

3.21

1.25

25.51

34.00

BE.103C

Serpentinite

4.99

1.94

28.97

39.00

ED.24

Diabase

0.84

0.52

14.15

91.33

BE.113

Diabase

0.45

0.42

7.39

97.15

ED.94

Diorite

2.27

0.64

18.40

85.00

ED.66A

Diabase

0.38

0.46

7.65

73.00

BE.100

Gabbro

0.88

0.47

13.88

65.00

BE.149

Diabase

0.97

0.35

10.25

70.00

ED.26

Gabbro

1.74

0.60

20.68

65.00

BE.139

Granodiorite

1.70

0.60

7.71

91.00

BE.108

Albitite

0.31

0.29

13.05

140.00

BE.150

Albitite

0.29

0.27

11.00

145.00

* Compressive strength (MPa) in cylindrical core samples

Three groups of aggregate rocks were determined in terms of their physico-mechanical
properties (Table 2). Group I includes ultramafic aggregates which display the worst values of
mechanical properties among all groups (Table 2). Among the studied aggregates of Group I, sample
ΒΕ.103C, which contains the higher amount of serpentine has given higher value of total porosity (nt)
and lower resistance in abrasion and attrition than the sample BE.122B which is characterized by less
extended serpentinization. Group II is composed by mafic rocks and granodiorite (Table 2) and
shows a wide variance of their physico-mechanical properties due to the variability of their
mineralogical features and as well as their tectonic stress. The fine-grained diabases as BE.113 and
ED.66A present better mechanical characteristics against to the coarse-grained gabbros (BE.100 and
ED.26) even if they present similar degree of alteration.
Group III includes intermediate rocks which display high physicomechanical parameters among
all the determined groups. The low total porosity of these aggregates classifies them as the best group
of studied rocks.
4.2 Petrographic features of aggregates
The groups which are described below are based on the classification that occurred due to the
physico-mechanical properties of the studied rock samples. Group I comprises highly serpentinized
ultramafic rocks. The primary assemblage of the serpentinites constitutes less than 30% of the mode
and comprises relics of orthopyroxene, rare clinopyroxene, olivine, as well as spinel. Orthopyroxene
appears as subhedral porphyroclasts and most of them show exsolution lamellae of clinopyroxene.
Serpentine is the main alteration product showing mesh and ribbon textures (Figure 3a). The areas
occupied by serpentine usually display pseudomorphic, mesh and ribbon textures. Chlorite and
magnetite are also products of hydrothermal alteration. The deformation of these samples (Table 2)
is primarily brittle, as expressed by the numerous intragranular and transgranular microcracks.
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Figure 3. Photomicrograph of textural characteristics of aggregates (Nicols +): (a) mess texture
presented in a serpentinite (sample BE.103C); (b) Irregular plagioclase (plg) and clinopyroxene (cpx)
forming ophitic texture accompanied by subhedral grains of titanite (ttn) and actinolite (act), in a
gabbro (sample BE.100); (c) Subophitic texture with plagioclase (plg) and clinopyroxene (cpx) altered
to epidote (ep) and chlorite (chl) (sample ED.24); (d) Plagioclase (plg), hornblende (hbl),
stilpnomelane (stp) and quartz (qz) forming granular texture in a diorite (sample ED.94); (e)
Granodiorite with poikilitic texture where crystals of quartz (qz), orthoclase (or), epidote (ep) and
chlorite (chl) are present (sample BE.139) (f) Fine grained idiomorphic albite (ab) with quartz (qz),
clinopyroxene (cpx) and epidote (ep) in an albitite (sample BE.108).

Group II comprises gabbro, diabase, diorite and granodiorite. The gabbro consists mainly of
clinopyroxene and plagioclase. Ilmenite, magnetite, titanite and zircon are accessory phases (Figure
3b). Actinolite, epidote, chlorite and calcite are products of ocean-floor metamorphism. The diabase
samples exhibit porphyritic, ophitic and subophitic textures. The mineral assemblage is similar to
that of gabbros including clinopyroxene and subhedral plagioclase (Figure 3c). In some cases, the
plagioclase is partially to completely transformed to sericite. Accessory ilmenite, magnetite and
titanite occur, as well. Actinolite, epidote, prehnite and chlorite are secondary phases. A great number
of transgranular microcracks are observed in some diabases (ED.66A and BE.149). The diorite is
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moderately altered, fine to medium-grained samples. Its texture is granular but locally becomes
porphyritic with subhedral to euhedral plagioclase phenocrysts. Sporadic, euhedral hornblende
grains are poikilitically enclosed within larger plagioclase crystals. Primary assemblage includes
clinopyroxene, plagioclase and hornblende. Minor magnetite and ilmenite are also present. Oceanfloor metamorphism resulted in the development of chlorite, actinolite, sericite, albite, epidote and
stilpnomelane. Additionally, quartz fills transgranular microcracks crosscutting the rock.
Granodiorite is characterized by poikilitic textures and composes of plagioclase, quartz, orthoclase,
biotite and accessory phases including apatite, titanite and zircon. Secondary minerals are epidote,
actinolite and chlorite (Figure 3e).
Group III comprises albitite rocks (Table 2). Albitite is a leucocratic and fine grained rock (Figure
3f). They present mainly granular texture where idiomorphic albite, quartz and clinopyroxene are
the primary minerals, while chlorite and epidote are the secondary phases. Accessories include
apatite, zircon and Fe-oxides.
4.3 XRD analysis of aggregates
Except the microscopic observation of the studied rock samples through polarizing microscope,
their mineralogical composition has also been identified with the aid of the X-Ray diffraction in
accordance to the EN 932-9 [41] standard for the petrographic description of aggregate rocks. The XRay diffraction enabled us to identify the crystalline phases of the studied rocks. Representative XRD
patterns of the samples are shown below (Figure 4).
The XRD patterns of random powder mounts from the studied ultramafic rocks revealed that
serpentine is the main alteration product in all samples of Group I.
In Group II, the XRD patterns of the samples revealed the presence of clinopyroxene, plagioclase,
chlorite, and actinolite. Quartz, titanite, and epidote are also present, while titanite and ilmenite are
also present in the gabbro.
In Group III, the XRD patterns of the samples revealed the presence of quartz and plagioclase.
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Figure 4. X-ray diffraction patterns of representative aggregate rocks: (a) gabbro (sample: BE.100),
(b) serpentinite (sample: BE.103c), (c) diabase (sample: BE.113), (d) granodiorite (sample: BE.139), (e)
albitite (sample: BE.150), (f) diorite (sample: ED.94), (1: actinolite, 2: albite, 3: augite, 4: biotite, 5:
chlorite, 6: epidote, 7: K-feldspar, 8: lizardite, 9: quartz).

4.4 Surface texture of aggregates
The microroughness of the aggregate particles was used to categorize the aggregates in groups
consistent with the abovementioned Groups I to III. Particles of Group I show smooth surfaces, due
to the abundance of the sheet-like serpentine (Figure 5a, b). Samples of Group II are medium-grained
rocks and are characterized by rough surface texture (Figure 5c, d). Juxtaposed clinopyroxene,
actinolite and plagioclase with chlorite create high topographic features. Crystalline surface with
topographic highs of quartz and low areas with albitite (Figure 5e, f) are observed in Group III.
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Figure 5. Secondary electron images (SEI) images showing the surface texture of representative ultramafic,
mafic and intermediate samples observed to their mineralogical and textural features: (a) serpentinite
(BE.103C), (b) serpentinite (BE.122B), (c) gabbro (BE.26), (d) diabase (BE.113), (e) albitite (BE.108), (f)
albitite (BE.150).

4.5 Test results for concrete
4.5.1 Compressive strength of concrete
Results from the compressive strength test of concrete specimens are listed in Table 3. The
concrete strength ranges from 28 to 32 MPa after 28 days of curing. The concretes made from
aggregates of Groups I to III yielded UCS results consistent with the strength of their aggregates.
Hence, the classification in groups after the concrete compressive strength test verified their initial
classification in groups. The lowest compressive strength values of the concrete specimens were
obtained from the samples made with aggregates from Group I (Table 3). The concrete specimens
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made with aggregates from Group II, show a wide range of strength (29 to 32 MPa), while those made
with aggregates from Group III present the highest compressive strength values.
Table 3. Compressive strength of concrete specimens of different aggregate types

Aggregate

Lithotype

rock sample

Compressive
strength

I
II
III

Group

Group

Group

(MPa)*
BE.122B

Serpentinite

28

BE.103C

Serpentinite

28

ED.24

Diabase

31

BE.113

Diabase

32

ED.94

Diorite

29

ED.66A

Diabase

31

BE.100

Gabbro

30

BE.149

Diabase

30

ED.26

Gabbro

29

BE.139

Granodiorite

31

BE.108

Albitite

32

BE.150

Albitite

32

4.5.2 Petrographic features of the concretes
The degree of cement hydration, micro-cracking and reaction products were determined from
petrographic observation of the thin sections of the concrete specimens using polarizing and scanning
electron microscopes. Microcracks in the interfaces between the cement paste and the aggregate
particles were also observed. Careful microscopic observations revealed that intergranular cracks
within the coarse aggregates from Group I propagate into the cement paste (Figure 6c, d). This fact
indicates that flaws and cracks of highly serpentinized aggregate particles were expanded during
curing of the concretes, thus triggering defects and weaknesses in it. Group II aggregates show much
better cohesion with the cement paste (Figure 6e, f). However, microcracking in the interfaces
between the cement paste and the Group II coarse aggregate particles (de-bonding) are observed
(Figure 6a, b). Microscopic observation of the concretes prepared with Group III aggregates, shows
that few microcracks are developed only at the interfaces between the cement paste and the aggregate
particles. Traces of alkali-silica reaction product were identified filling the cracks inside the Group III
coarse aggregate particle cracks as well as inside the cracks crossing the cement paste. A rim of gel
was observed in the interface of a coarse particle and the cement paste. This gel of a brownish color
is characterized by no specific structure, no crystals or by not very well defined crystals.
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Figure 6. Photomicrographs of representative tested concretes {Parallel nicols (left), Crossed nicols (right)}:
(a, b) loss of material between the diorite aggregate grains (ED.94) and the cement paste, (c, d)
transgranular microcracks of serpentinite aggregate grains (BE.103C) and cement paste, (e, f) good
cohesion between diabase aggregate grains (BE.113) and cement paste.

Scanning electron microscopy was employed to elaborate the reasons for the variable behavior
of the aggregates with the cement paste.
Group I aggregates show, platy abruptions, a reaction zone, few microns thick was detected
(Figure 7a, b).
Unlike Group I, Group II aggregates, present generally better cohesion with the cement paste.
Nevertheless, in some samples coarse grained gabbro and diorite aggregates show loss of material at
the interface with the cement paste (Figure 7c, d).
Group III aggregates present generally the highest cohesion with the cement paste. Local
reaction zones were detected around the albitite aggregate particles, as well as into their microcracks
(Figure 7e, f).
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Figure 7. Secondary electron images of the concrete specimens showing microstructures at the interface
between cement paste and: (a), (b) Serpentinite aggregate (BE.103C); (c), (d) gabbro aggregates (BE.100, ED.26
respectively); (e), (f) albitite aggregates (BE.108, BE.150 ).

Semi-quantitative SEM_EDX analyses of these rims, as well as elemental mapping indicated high
contents of Si, Al, Na and K, therefore suggesting that these rims comprise alkali-silica gels. Analyses
were performed at different locations in order to assess the possible connection between the chemical
composition of the zone and the optical features under a polarizing microscope. In order to confirm
that it was alkali-silica gel, element mapping has been performed in the concrete thin sections, where
scares concentrations of Si and Al have been observed in the reaction zone between the aggregate
particle and the cement paste, as well as semi-quantitative composition was obtained by SEMEDX. Analyses were performed in different locations in order to assess the possible connection
between the chemical composition of the zone and the optical features under a polarizing microscope.
Reaction products at the contact interfaces between aggregate particles and the cement paste, which
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predominantly crystalline, whereas reaction products along particle edges and in paste cracks are
mostly amorphous (ASR gel) (Figure 8a). The ASR in the concrete specimens may occurs by reaction
of certain silica phases in the albitite aggregate with alkali and hydroxide ions in the pore solutions
of the hydrating cement to produce a hydrous alkali silicate gel. The analyzed amorphous structure
can to explain the intrinsic properties of the ASR product, such as its variable Na/K ratio, stability in
an alkaline environment and cation exchange and swelling capabilities. The exchangeability of water
and cations appears very similar to the mechanisms known for clay swelling minerals in the concrete
specimens changing lattice parameters and leading to swelling or contraction. This gel was composed
mainly by Si and lesser by K, Na, and Al (Figure 8b). As shown in Figures 8 c-f variation in chemical
composition is presented in the contact of the aggregate particle and the cement paste after line scan
investigation, even though the spot microanalyses are affected by surrounded phases (spot area
10μm). However, the accurate chemical composition of the products of reaction needs further study.

Figure 8. (a) Back scattered image of a concrete specimen showing the ASR zone between the aggregate
particle (BE.108) and the cement paste. The SEM-EDX spectra shown in panels c, d, e and f were acquired
from the locations of labeled as S1, S2, S3, S4, respectively. (b) Elemental mapping of the interface between an
albitite aggregate and the cement paste in a concrete specimen; green color shows Ca concentrations, red color
shows Si concentrations and blue color shows Al concentrations. (c)-(f) SEM-EDX spectra from the interface
of an albitite aggregate particle (BE.108) with the cement paste from the spots labeled as S1 to S4 in panel (a).

5. Discussion
The physico-mechanical parameters of aggregate materials have been investigated by various
researchers for the evaluation of their quality. Mineralogical composition, textural features, alteration
degree and weathering of aggregate rocks are the main factors which affect the physico-mechanical
properties and consequently their suitability for various industrial applications [46] as well as in the
final mechanical behavior of constructions.
A number of researchers have studied the relationships between the physical and the mechanical
properties of aggregate rocks [21,47,48]. The commonest statistical method used for the determination
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of the relationships between the various engineering parameters of rocks is the regression analysis
[49-51]. High correlations are observed between physical and mechanical properties of the studied
aggregates, which are related to their mineralogical and petrographic characteristics (Figure 9a, b).
Moisture content increases is inversely correlated with uniaxial compressive strength with the
exponential equation: UCS(agg) = 122.41e-0.723w(agg), (R2 = 0.64). Total porosity of the aggregates is directly
correlated with their resistance in abrasion and attrition with the linear equation: LA(agg) = 4.356nt(agg)
+ 8.3418, (R2 = 0.75).

Figure 9. (a) The moisture content (w(agg)) of the studied rock samples plotted against the uniaxial
compressive strength (UCS(agg)); (b) the total porosity (nt(agg)) of the studied rock samples plotted against the
Los Angeles abrasion value (LA(agg)).

Three groups of aggregate rocks were determined in terms of their physico-mechanical
properties (Figure 9). These three groups consist of aggregate rocks with different mineralogical and
petrographic characteristics which have a direct impact on their physico-mechanical properties.
Group I includes highly serpentinized and distorted ultramafic rocks (Table 2). This group is
characterized by high values of porosity, low values of uniaxial compressive strength and low
resistance in abrasion and attrition because of their high degree of serpentinization. High porosity
and LA and low USC values of Group I aggregates is attributed to serpentinization, which is an
important geochemical process accompanying the formation of the ocean floor [52]. In this process,
olivine and pyroxene transform to serpentine, a laminate soft mineral which belongs to the
phyllosilicate subclass of minerals and forms smooth surfaces [10,52,53]. The influence of serpentine
on the aggregate strength as well as on the final compressive strength of concrete specimens has been
investigated by several researchers [10,17,46,54,55].
Similar to Group I, the decreasing of the mechanical strength of aggregate rocks of Group II is
relative to the increase of their total porosity and their ability to retrain water in their structure.
Another important factor may be the grain size of minerals, as the fine-grained diabases present better
mechanical characteristics against to the coarse-grained gabbros even if they present similar degree
of alteration.
Group III is composed by albitites, with limited appearance in the study area, which show
special physico-mechanical properties (Table 2). The low total porosity of aggregates of Group III in
conjunction with their mineralogical features, classify them as the best group of studied rocks.
Microscopic observation reveals that these rocks are highly cohesive and least altered, thus, having
low porosity and excellent mechanical behavior. The mineralogical composition combined with the
textural characteristics of the aggregate rocks influence their physical properties and hence their
mechanical properties.

The impact of the aggregate type on the quality of concrete
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The physicomechanical properties of the aggregates show strong correlations with the strength
of the concretes (Figure 10). Moisture content and total porosity of the aggregates show negative
correlations with the concrete UCS (Figure 10a, b), and they are related via the following logarithmic
equations:
UCS(con) = -2.189 ln(w(agg)) + 28.931, R2 = 0.70
UCS(con) = -1.438 ln(nt(agg)) + 30.27, R2 = 0.83
This suggests that the high porosity of aggregates negatively affects the bonds between the aggregate
and the cement paste. This can be explained by a combination of factors. The increase of the total
porosity of the studied aggregate rocks is reliable for the decrease of their mechanical strength. Also,
variable conditions of hydration reaction likely occur during curing of the concrete when rocks with
increased porosity are contained thus resulting in capricious mechanical behavior of the concrete.
Moreover, it is suggested that the large capability of serpentine to adsorb water, apart from reducing
its mechanical strength [10], largely disturbs the seamless progress of the hydration reaction, and
hence results in weaker concretes.
The UCS and the LA of the studied rocks are directly correlated with the UCS of the relevant concrete
specimens (Figure 10c, d). These strong, positive, correlations are described by the equations:
1. UCS(con) = 0.0374×UCS(agg) + 27.145, R2 = 0.73
2. UCS(con) = 33.055e-0.006LA(agg), R2 = 0.76

Figure 10. (a) Moisture content (w(agg)) of the studied rock samples plotted against the uniaxial compressive
strength of concrete (UCS(con)), (b) total porosity (nt(agg)) of the studied rock samples plotted against the uniaxial
compressive strength of concrete (UCS(con)), (c) uniaxial compressive strength (UCS(agg)) of the studied rocks
plotted against the uniaxial compressive strength of concrete (UCS(con)), (d) Los Angeles abrasion value (LA(agg))
of the studied rock samples plotted against the uniaxial compressive strength of concrete (UCS(con)).

These relations strongly suggest that the quality of aggregates is a critical factor that determines
the quality of the concrete. It is evident from our results that the poor quality serpentinized
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aggregates yielded concretes with poor strength whereas the high quality albitite is related to the
strongest concrete specimens (Figure 10).
The microroughness of the aggregate particles plays another important role in the quality of
concrete products. Group I with the serpentinized ultramafic samples exhibit smooth surfaces, which
is another determinant, negative factor for poor cohesion with the cement paste and hence low
concrete strength. Furthermore, the low mechanical strength of serpentinite aggregates resulted in its
cracking during the uniaxial compressive strength. Microscopic observation of concretes produced
with these ultramafic aggregates suggests that fracturing of the cement paste and the aggregate grains
of aggregates occurred simultaneously (Figure 6c, d). This indicates that these aggregates in-service
will show poor performance, as cracks that may easily appear in the aggregates due to stress and
fatigue will propagate in the cement paste, downgrading its properties. The platy detachments,
observed in the serpentine aggregates, and the relatively thick zone of variably increased porosity
around them (Figure 7a) comprise defected regions in the concrete, which eventually contribute to
the poorer performance.
Generally, the concrete specimens prepared with rocks from Group II and III present similar
UCS values and both show higher strength relative to the concretes prepared by the aggregates from
Group I. According to Onodera et al. [56], the strength of igneous rocks decreases significantly as the
mineral grain size increases. The fine-grained diabasic rocks were stronger than the coarse gabbros
and hence the respective concretes produced with diabasic aggregates show higher UCS values than
the concretes produced by gabbroic aggregates, which is in agreement with the above hypothesis
(Table 3). The alteration degree is another crucial factor for the strength of the rocks used as concrete
aggregates, as they determine the porosity and the development of weak zones in the rocks. The loss
of the material at the interfaces with the cement paste was more intense in the coarse grained gabbroic
aggregates, suggesting that the grain size played a negative role in this respect, as well. However the
higher strength, and the reduced porosity combined with the rougher surfaces of the Group II
aggregates relative to those of Group I, considered as beneficial factors for their quality. The alteration
products of rocks of Group II are mainly fibrous actinolite and platy chlorite. These soft minerals
juxtaposed with the harder primary clinopyroxene and plagioclase creates high topographic surface
features (Figure 5c, d).
The concrete made with Group III aggregates (albitites) show the best performance which is in
accordance with the high values of produced by intermediate rocks (Group III), present the highest
values of UCS, as well as the low porosity and moisture contents of their aggregates (Table 2). The
presence of quartz and albite, which have different hardness, create strong topographic
microroughness which determines the effectiveness of the bonding between the aggregate and the
cement paste in hardened concrete. The cohesion between the albitite aggregate and the cement paste
was particularly good (Figure 6e, f), suggesting that the degree of microroughness has a positive
influence on the quality of the concrete.
Inadequate microroughness can adversely affect the mechanical properties of concretes, since
the bonds with the cement matrix may not be sufficiently strong to achieve the maximum potential
strength of the concrete [7,21,57]. However, the observed trace of ASR products around the
aggregates in these concretes is a negative factor for their quality. The presence of quartz has
apparently reacted with sodium and calcium hydroxides from the cement and the albite to form the
detrimental gel of the alkali silica reaction ASR is a common negative effect in concretes made with
some granitic aggregates, which is associated with the presence of strained or cryptocrystalline
quartz, which is thermodynamically unstable [58,59]. However, the topical development of an ASR
reaction gels in the studied concretes does not seem to have a significantly detrimental effect on their
strength. It is most likely that the propitious effects of their high cohesiveness and strength, discussed
above, were not counterbalanced by any negative influence from the localized growth of ASR.

6. Conclusions
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The study of different coarse aggregates for the production of concretes leads to the following
concluding remarks:
• The collected ultramafic rocks (Group I) are not appropriate for concrete aggregates due to
the high degrees of alteration and the presence of serpentine, which significantly decreases
the quality of the concretes. The collected mafic aggregate rocks as well as the granodiorite
(Group II) are generally considered as suitable for the production of concretes. The
intermediate aggregate rocks (Group III), present overall good physicomechanical properties
and resulted in the production of the best quality concretes compared to the other tested
lithotypes. The limited presence of alkali-silicate reaction has not influenced the final
products significantly.
• High porosity and moisture content of the aggregates reduce the quality of the aggregate as
well as of the concretes due to disturbance of the hydration reactions. This leads in the
formation of variably porous and weak zones at the interfaces between the particles and the
cement paste.
• Strength and resistance to abrasion and attrition of aggregates is a critical factor that largely
determines positively the quality of the concretes. Microroughness is a result of differential
hardness of juxtaposed minerals on the surface of the particles and largely affects the bonding
between the particles and the cement paste for each lithotype. Smooth serpentine has a
negative influence, however small amounts of soft secondary minerals juxtaposed with hard
primary phases have a positive effect on the bonding with the cement paste.
• Petrographic analysis both of aggregates and concretes provides pertinent information about
the structures concrete material and may help engineers to determine the best construction
strategy. The root of concrete deterioration can often be attributed to quality issues seen at
the microscopic level of the aggregate materials.
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