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Abstract: This article presents, for the first time, the study of diabases from various ophiolite com-
plexes from Greece and Cyprus to identify their performance as concrete aggregates. Within this
scope, in the first step, diabase samples from four selected ophiolite complexes of Greece (Veria-
Naousa, Edessa and Guevgueli) and Cyprus (Troodos) were collected in order to estimate their
suitability as concrete aggregates by means of their petrographic and physicochemical characteristics.
In the next step, concrete specimens were prepared and their mechanical strength was measured in
order to investigate their mechanical performance. Additionally, their petrographic characteristics in
relation to the mechanical strength of the created concretes were investigated for the first time. Con-
crete specimens prepared by employing diabases from the Veria-Naousa and Guevgueli complexes
as aggregates were reckoned as the most durable ones in contrast to those derived from the Edesssa
complex and even more so than those from Cyprus, with the latter containing the most altered
diabases (rodingitised). The overall conclusion of this research is that the engineering properties of
the aggregates were dependent on their petrographic characteristics and hence they influenced the
final mechanical behaviour of each produced concrete.
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1. Introduction

Concrete is the most used building material worldwide [1,2]; it is implemented in
buildings, highways, dams, bridges and generally in a variety of construction applica-
tions [3,4]. In recent times, rapid mechanisation, as well as urbanisation, has generated
increasing demands for building materials, such as concrete and aggregates. It was esti-
mated that the overall global demand for concrete is in excess of 20 billion tons per year. As
a result, a massive demand for common aggregates and a reduction in material properties
are generated [5,6]. According to this fact, there is also a great demand for finding more
sustainable and eco-friendly construction materials [7]. Approximately 1 ton of concrete
is produced for every person on Earth annually [8,9]. The annual growth in the concrete
demand has exerted considerable pressure on the supply of constituent concrete substances
to meet the continuous vast growing demand for concrete [10,11].

Concrete’s main component is the material that binds the aggregate and commonly
includes a mix of cement and water [12-14]. Structures built using concrete comprise
hardened cement paste, aggregate and their interface [15,16]. The aggregates influence
many of the concrete parameters [17] by offering remarkable advantages to concrete from a
technical point of view. They positively affect the static behaviour of concrete structures,
ensure great volume stability and extend the “life service” of structures compared with the
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use of cement mortar only. Additionally, aggregates are present in high amounts ranging
between 70% and 80% in concrete specimens.

The main coarse type of concrete aggregates indicates the main factor for concrete
quality for many researchers, as well as for industries. For similar quality cement, vari-
able lithotypes of coarse aggregates are characterised by a variety of modal mineralogy,
micro-roughness and compressive strength, resulting in diverse concrete compressive
strengths [18,19]. The primary and secondary mineralogy (alteration products) of the
aggregate rocks can highly affect their mechanical behaviour and their in-service perfor-
mance [19-25]. The presence of relatively high percentages of specified secondary minerals
can lead to negative effects on the engineering properties of aggregates because of their
cleavage, platy or fibrous crystal habit and smooth layers [19,25], leading to a poor influence
on their general behaviour as concrete aggregates [19]. Numerous failures pointed out
the importance of denoting that detailed mineralogical studies may significantly assist
in identifying problems in engineering constructions. Physicomechanical properties are
determined by petrographical characteristics [26-30]. The aggregates can be considered
to have poor, marginal or premium quality depending on the physicomechanical features
of the natural material, the mineralogy composition, the microroughness, the processing
operation and the final general engineering characteristics. Aggregates of poor quality are
often regarded as unsuitable for concrete and marginal-quality aggregates do not comply
with many traditional contract specifications. However, using stabilisation, the marginal
quality aggregate performance properties similar to or even better than those of premium
quality aggregates can be achieved [12,31]. Many studies indicated an evident association
between the differences in coarse-sized aggregates along with differences in the final con-
crete’s performance and possible failures [16,18-20]. Those materials may be classified into
fine or coarse relative to the particle size distribution [32]. Fine aggregates are most often
natural soil sand or selected from riverbanks. Mishuk et al. [33] pointed out the coarse
aggregates’ maximum size that tends to be suitable for concrete.

Up to now, there were numerous studies [18,34-38] that dealt with the examination
of the influence of various lithologies of rocks used as aggregates but there are not so
many that have dealt with the correlations amongst different types of aggregates upon
concrete strength (i.e., [19,39]). Ozturan and Cecen [40] presented how a coarse aggregate
may influence the mechanical behaviour of concrete: the concrete made using basalt and
gravel provided similar compressive strengths, while concrete made with limestones with
the same size of aggregate presented better mechanical behaviour. Other scientists, such
as Yilmaz and Tugrul [18], demonstrated that concrete specimens made using subarkose
aggregates display nearly 40-50% better mechanical behaviour in contrast to those made
using several types of aggregates; at the same time, they found that the mineralogy and mi-
crotopography of the aggregate particles constituted crucial parameters for the adherence
of the cement paste with the aggregate [19]. The occurrence of high microtopography in
the aggregate materials correlated with the occurrence of secondary phyllosilicate minerals,
and the variety of minerals” hardness is related to the cohesion between rocks and cement
paste. This fact also leads to concrete specimens of higher quality. Diabases or dolerites are
medium-grained igneous rocks that display a mineralogical composition similar to that of
basalt and, most of the time, they are found in dykes or sills. The physical, chemical and
mechanical behaviours of diabase make this rock a versatile material, which can be used
as a crushed aggregate for concrete production and in numerous other applications [15].
Petrounias et al. [41] investigated several rock samples that were selected either from ophio-
lite complexes (mafic and ultramafic rocks) or their surrounding rocks. The results showed
that concrete specimens produced by diabase aggregates displayed more than satisfactory
mechanical behaviour due to the optimal cohesion between the selected rocks and cement.
Optimal bonding resulted in the petrographical characteristics of these lithologies, which
played a critical role in both the engineering properties of the rocks and, consequently, the
final concrete uniaxial compressive strength [39,41].
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The main scope of the investigation constituted the study and the comparison of
diabases from various ophiolite complexes in Greece and Cyprus and to identify their
suitability as concrete aggregates. Additionally, another goal of this study was to enrich
and fill the research gap regarding a great number of laboratory tests and results from
various rocks derived from Greek ophiolite complexes that are used as aggregate rocks.
For this purpose, concrete specimens were prepared and studied in order to identify the
interdependence of the petrographic characteristics of the diabases with the final mechanical
performance of the produced concretes and, consequently, their behaviour.

2. Geological Settings (Greece and Cyprus)

In the present study, sampling and mapping diabase outcrops were performed in three
ophiolite complexes in Greece and one ophiolite complex in Cyprus in order to evaluate
their use in concrete applications.

2.1. Veria-Naousa Ophiolites (Greece)

The Veria-Naousa ophiolites were assigned to the Almopias geotectonic subzone. This
complex mainly consists of mantle lherzolite and harzburgite with variable degrees of
serpentinisation that are cut by scarce pyroxenitic dykes [42,43], gabbro, diabase and pillow
basalt (Figure 1).
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Figure 1. Modified geological map of the Veria-Naousa region [44—46]; the rectangle in the inset
shows the study area.
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2.2. Edessa Ophiolites (Greece)

This complex contains the remnants of the oceanic lithosphere that represent the
closure of one or even two oceanic basins during the Upper Jurassic to Lower Cretaceous
time [47-49]. This complex comprises intense serpentinised peridotites, such as lherzolite;
harzburgite; and mafic rocks, such as gabbro, diabase, basalt and diorite (Figure 2).
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Figure 2. Modified geological map of the Edessa region [50,51]; the rectangle in the inset shows the
study area.
2.3. Guevgueli Ophiolite Complex (Greece)

The western and eastern sub-units of this ophiolite complex include olivine and
amphibole gabbro, as well as diorite and diabase (Figure 3) [52,53].
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Figure 3. Modified geological map of the Guevgueli region [54,55].

2.4. Troodos Ophiolite Complex (Cyprus)

Based on the biostratigraphy of the oldest sediments it encompasses, the Troodos
ophiolite complex dates back to approximately the mid-late Cretaceous Turonian to Maas-
trictian age (Figure 4) [56]. The quarry area of Parekklisia where the examined rocks came
from was 20 km northeast of the city of Limassol. The sheeted dyke complex (diabase)
was created via the solidification of the magma in the channels. The magma was inserted
due to magma chambers located at the oceanic crust’s bottom while also being fed by
submarine lava’s extrusions at the seafloor. These intrusive rocks have fine-to-medium
coarseness, are crystalline and exhibit a basaltic-to-diabasic composition (Cyprus Geological
Survey Department).
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Figure 4. Digital map in the study area of the Quarry of Parekklisia (Geological Survey Department).
3. Materials and Methods
3.1. Materials
Diabases of the four ophiolite complexes (Cyprus and Greece) were studied according
to their petrographic, physical, mechanical and physicochemical characteristics in terms
of their use as concrete aggregates. Moreover, we examined how their characteristics
varied from one ophiolite complex to the other and how these characteristics influenced the
final concrete mechanical behaviour. More specifically, three samples from each ophiolite
complex were collected and two cubic concrete specimens (15 x 15 cm) were prepared.
3.2. Methods for the Aggregates
The tested aggregates were suitably prepared for both engineering tests and for their
petrographic characterisation. The tests and the petrographic analytical methods that were
performed in this study are given in the table below (Table 1).
Table 1. Aggregate tests and analytical methods for petrographic characterisation.
Tests/Analytical Methods Standards
Moisture content (w) AASHTO T-255 [57]
Total porosity (nt) ISRM 1981 [58]
Specific gravity (pq) ISRM 1981 [58]
Water absorption (wa) ISRM 1981 [58]
Elongation index (Ig) BS 812 1989 [59]
Flakiness index (Ig) BS 812 1990 [60]
Los Angeles abrasion value (LA) ASTM C-131 [61]
Uniaxial compressive strength (UCS). ASTM D 2938-95 [62]
Soundness test (S) EN 1367-2 standard [63]
Mineralogical and microstructural characterization using a polarizing microscope EN-932-3 [64]
Semi-qualitative calculations of mineral phases using XRD Bish and Post [65]

Surface texture study through SEI BS 812 Part 1 [66]
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More specifically, the tested rocks were crushed into suitable sizes. Then, cylindrical
specimens were prepared in the laboratory, where the diameters varied between 50 and
54 mm and the length to diameter ratio varied between 2.2 and 2.5. In the studied samples,
the moisture content (w) was calculated according to the AASHTO T-255 standard [57],
and the total porosity (n;), water absorption (w,) and specific gravity (pq) were deter-
mined according to ISRM 1981 [58]. The flakiness index (Ir) [59] and elongation index (Ig)
constituted the geometrical properties that were determined [60].

Regarding the mechanical behaviour of the rocks, the Los Angeles abrasion (LA)
was identified in accordance with the ASTM C-131 standard [61]. Moreover, the uniaxial
compressive strength (UCS) was also identified according to the ASTM D 2938-95 [62].
As for the physicochemical properties, the soundness test (S) was conducted according
to the EN 1367-2 standard [63]. The mineralogical and microstructural characteristics
were observed in polished thin sections with a polarising microscope (Leitz Ortholux II
POL-BK Ltd., Midland, ON, Canada) following the EN-932-3 [64] standard. Specifically,
they were examined for the types of grains, mean grain size and grain shape. In the
next step, their mineralogy was examined via X-ray diffraction (XRD) using a Bruker D8
Advance diffractometer, with Ni-filtered CuK« radiation, covering the interval of 2-70°
26, with a step size of 0.015°/0.1 s. The contained minerals were found with the aid of
the DIFFRAC plus EVA 12® software (Bruker-AXS, Gmbitl, Karlsruhe, Germany) based on
the ICDD Powder Diffraction File of PDF-2 2006. Furthermore, their modal mineralogy
was also semi-quantitatively calculated through the Rietveld method according to Bish
and Post [65]. The microtopography of the diabases was identified by using secondary
electron images (SEI) (BS 812 Part 1 [66]), outlining seven qualitative categories, namely;,
granular, smooth, rough, honeycomb, crystalline, glassy and porous, with the aid of a JEOL
JSM-6300 SEM equipped with energy dispersive and wavelength dispersive spectrometers
and INCA software.

3.3. Methods for the Concretes

Twenty-four normal concrete cube specimens (150 x 150 mm) were prepared from
the various aggregate types (Table 1) with the aid of the ACI-211.1-91 standard [67]. The
first step was to crush the aggregates into the 2.00-4.75, 4.45-9.5 and 9.5-19.1 mm size
classes. The second step was the removal of the samples, from the mold after 24 h and their
curation in water for 28 days (temperature: 20 &= 3 °C). The third step was the identification
of the compressive strength test of the specimens according to BS EN 12390-3:2009 [68].

Following the compressive strength tests of the cubic specimens, the textural character-
istics of the concretes were identified in the fourth step. For this reason, using a polarising
microscope, polished thin sections were studied in accordance with the ASTM C856-17
standard [69]. The final step included the 3D depiction of the petrographic features of the
specimens using the 3D Builder software.

4. Results
4.1. Petrographic Features of the Rock Samples

The Veria-Naousa diabases consisted of sand and compacted diabase rocks that were
intruded by albititic dykes. The former rocks exhibited porphyritic (large crystals in a
microcrystalline matrix) and subophitic textures where a network of mineral interstices was
filled with other components (Figure 5a). More coarse crystals were rare and they comprised
subheral clinopyroxene and fine-grained plagioclase. Magnetite, ilmenite and titanite were
accessory minerals. Other secondary minerals were sericite, chlorite, albite, epidote, fibrous
amphibole (mostly actinolite) and titanite. The compacted diabases displayed comparable
textures (Figure 5b), with their primary assemblage comprising plagioclase, clinopyroxene,
magnesiochromite and magnetite.
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Figure 5. Photomicrographs of representative diabase samples (XPL). (a) Subophitic texture with
plagioclase and clinopyroxene, where clinopyroxene was altered to epidote and chlorite (sample
BE.24). (b) Fine-grained and coarse-grained idiomorphic plagioclase (sample BE.43). (c,d) Sub-
ophitic texture with clinopyroxene and plagioclase altered to sericite (samples ED.66B and ED.110,
respectively). (e) Irregular plagioclase and clinopyroxenen that formed an ophitic texture accompa-
nied by subhedral grains of ilmenite and chlorite (sample KIL.2). (f) Subophitic texture along with
plagioclase, clinopyroxene altered to chlorite and a few crystals of magnetite (sample KIL.3). (g) Por-
phyroid texture along with plagioclase and clinopyroxene (sample PR1). (h) Fine-to-medium-grained
subidiomorphic crystals of garnets that formed granoblastic segregations and a subophitic texture
(sample PR2). Abbreviations: ep—epidote, cpx—clinopyroxene, chl—chlorite, plg—plagioclase,
mcr—magnesiochromite, ser—sericite, ilm—ilmenite, mgt—magnetite, grt—garnet.
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The samples derived from the Edessa ophiolites exhibited porphyroid, ophitic and sub-
ophitic textures (Figure 5¢,d). Their modal mineralogy consisted of clinopyroxene and sub-
hedral plagioclase. The plagioclase was partially or completely replaced by sericite in some
rocks (Figure 5¢). Titanite, magnetite and ilmenite were also observed in small amounts.
Actinolite, epidote, prehnite, chlorite and calcite were interpreted as secondary phases.

The diabases derived from the Guevgueli ophiolite complex displayed comparable
textural features with the diabases from the Edessa ophiolite (Figure 5e,f). Their primary
assemblages consisted of clinopyroxene and plagioclase. Plagioclase was partially altered
to minor sericite. [Imenite, magnetite, titanite and zircon were present in smaller amounts.

Chlorite, epidote, prehnite and actinolite were the secondary minerals observed.
Chlorite was presented in a uniform distribution, while in some cases, it occupied the
interstices in the matrix.

The primary mineralogy of the diabase derived from Cyprus (Troodos ophiolite com-
plex) encompassed plagioclase that was mostly albite, as well as clinopyroxene (Figure 5g,h).
Chlorite and garnet in smaller amounts represented the secondary mineralogy. Regarding
the textural features of these diabase samples, they mainly displayed ophitic and less often
subophitic and porphyroid textures. The presence of garnet and chlorite indicated that
these samples were affected to some extent via rodingitisation as a basic type of alteration
in these samples. Garnet presented as coarse- and idiomorphic-grained and exhibited
cataclastic textural features (Figure 5h).

4.2. Rock X-ray Diffractometry

XRD results containing the mineralogical compositions of the tested aggregates are
shown in Figure 6 and Table 2, where the primary and secondary mineralogical assemblages
are shown. The main secondary minerals were actinolite and chlorite, the concentrations of
which ranged from 6.8 to 33.2% and 7.2 to 23.3%, respectively. We should also mention that
in the diabases derived from Cyprus, the primary stages of rodingitization were observed.

Table 2. Mineralogical compositions of representative diabasic samples (-: not detected). The
quantification errors calculated for each phase according to Bish and Post [65] were estimated to be
~1%. Abbreviations: cpx—clinopyroxene, qgz—quartz, plg—plagioclase, Kfs—K-feldspar, bi—biotite,
ttn—titanite, ilm—ilmenite, mgt—magnetite, ap—apatite, ser—sericite, chl—chlorite, act—actinolite,
ep—epidote, prh—prehnite, grt—garnet.

Samples BE.113  BE.43 ED45  ED.110  KIL2 KIL3  ED.66B  BE.24 PR1 PR3
cpx - 6.6 155 31 25.9 19.4 292 13.1 22,0 20.0
qz - 6.0 7.0 2.1 5.1 42 - 9.4 - -
plg 59.1 47.0 46.0 46.0 39.9 51.1 52.0 33.6 440 45.0
Kfs - - - - - 13 - - - -
bi - - 5.1 - - - - - - -
ttn 23 25 - - 1.7 0.9 3.0 1.8 45 35
ilm - - - - - - - 2.9 - -
mgt - 4.0 - - - - - - - -
ap - 24 - - - - - - - 1.2
ser - - - - - - - 5.8 - -
chl 18.0 10.0 19.0 7.2 9.6 7.2 15.8 13.6 22,0 233
act 20.6 15.0 - 33.2 6.8 9.4 - 111 - -
ep - 6.5 7.4 8.4 11.0 6.5 - 44 - -
prh - - - - - - - 43 - -
grt - - - - - - - - 7.5 7.0
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Figure 6. XRD analysis results of representative studied samples. (a) Diabase from the Veria-Naousa
ophiolite complex (Greece). (b) Diabase from the Edessa ophiolite complex (Greece). (c) Diabase
from the Guevgueli ophiolite complex (Greece). (d) Diabase from the Troodos ophiolite com-
plex (Cyprus). Abbreviations: chl—chlorite, clay—clay minerals, act—actinolite, plg—plagioclase,
cpx—clinopyroxene, ep—epidote, qgz—quartz, grt—garnet, ap—apatite.

4.3. Microtopography of the Studied Diabases

The aggregate’s microroughness observations further enhanced the microscopic ob-
servations of diabases derived both from Greece and Cyprus, which allowed for extract-
ing more robust conclusions regarding their performance in concrete. As displayed in
Figure 7a—c, the diabases derived from Greece presented higher microtopography than
those found in Cyprus. Specifically, sample PR.1 from the Troodos ophiolite complex
(Figure 7d) displayed smooth surfaces that were likely due to the high abundance of garnet.
The first three diabase samples (Greece) displayed rough textures that were most probably
due to the presence of juxtaposed clinopyroxene, actinolite and plagioclase combined with
chlorite. The continuous change in either smooth or flatty minerals formed a variety in the
microtopography of the Greek diabase rock samples, which consequently promoted better
cohesion between the cement and rocks in the concrete specimens [19].
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Figure 7. Secondary electron images (SEI) showing the surface texture of representative studied
diabases. Differences in the mineralogical and textural features were also observed. (a) Diabase from
the Veria-Naousa ophiolite complex (sample BE.43). (b) Diabase from the Edessa ophiolite complex
(sample ED.110). (c) Diabase from the Guevgueli ophiolite complex (sample KIL.2). (d) Diabase from
the Troodos ophiolite complex (sample PR.1).

4.4. Engineering Properties of the Aggregates

The most significant engineering properties that may influence the mechanical be-
haviour of concrete are displayed in Table 3. Regarding the values in Table 3, the moisture
content values ranged from 0.14 to 1.40%, in which the lowest value was recorded in a
lowly altered diabase from the Guevgueli ophiolite complex, whereas the highest value
was observed in a diabase sample from Cyprus. Moreover, the water absorption and
specific gravity were determined. The values of water absorption ranged from 0.35 to
3.25%, while the specific gravity presented values ranging from 23.20 to 28.80 KN/m?.
Regarding the flakiness index (Ig), the values ranged from 15.79 to 46.17%, with both the
highest and the lowest values encountered in samples derived from the Edessa complex.
The elongation index (Ig) presented values ranging from 9.80 (Veria-Naousa complex) to
44.77% (Guevgueli complex). The diabases derived from the Edessa ophiolite complex
presented higher resistance regarding abrasion and attrition (7.31%), while the diabases
from Cyprus were less resistant to abrasion and attrition (up to 18.00%). The UCS of the
total of the investigated samples fluctuated considerably following their values in the
LA test. More specifically, the lowest mechanical strength was observed in the diabase
samples from Cyprus (61.0 MPa), whereas the highest mechanical strength was noticed in
those from the Edessa complex (150.0 MPa). The soundness test results ranged from 2.02
(Veria-Naousa) to 8.00% (Cyprus).
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Table 3. Results of the physicomechanical and geometrical properties of the tested diabases.

Samples W (%) pgq (KN/m3) w, (%) IF (%) IE (%) LA (%) UCS (MPa) S (%)
KIL.2/Guevgueli 0.20 28.80 0.86 31.67 34.73 9.31 122.3 3.71
KIL.3/Guevgueli 0.14 28.35 0.84 36.91 44.77 10.77 126.7 2.52

BE.24/Veria 0.44 27.69 0.82 33.30 9.80 11.34 124.6 3.45
BE.43/Veria 0.25 26.57 0.38 31.30 16.60 8.72 150.0 3.74
ED.24/Edessa 0.52 25.40 0.36 15.79 19.68 14.15 91.30 3.58
BE.113/Veria 0.42 25.30 0.35 24.05 14.00 12.00 97.20 2.02
ED.45/Edessa 0.41 26.66 0.40 29.93 16.00 9.99 110.0 3.12
ED.66B/Edessa 0.50 27.75 0.80 46.17 17.00 8.18 119.0 247
ED.110/Edessa 0.20 27.36 0.48 24.88 17.80 7.31 148.0 3.96
PR1/Cyprus 1.40 24.00 2.71 20.14 36.75 17.00 62.0 8.00
PR2/Cyprus 0.80 23.20 3.25 19.50 31.56 17.00 70.0 5.50
PR3/Cyprus 1.00 24.50 2.80 18.00 35.00 16.00 74.0 5.20
PR4/Cyprus 0.90 23.40 2.76 20.00 36.40 18.00 61.0 6.50
BE.180/ Veria 0.45 27.00 0.83 32.50 9.78 11.50 125.0 3.60
KIL.11/Guevgueli 0.21 28.70 0.80 31.59 34.70 9.40 122.0 3.70
KIL.12/Guevgueli 0.19 28.55 0.82 34.50 35.50 10.20 123.0 3.20

4.5. Mechanical Properties of the Concrete Specimens

The concrete UCS test results showed that the concrete produced using the Veria-
Naousa and Guevgueli diabases displayed optimal strength values (32.0 to 33.0 MPa),
while those made using diabases from the Edessa ophiolite complex presented lower
strength values (Table 3). The concrete specimens made using diabasic sample ED.110
constituted an exception since they showed higher strength values similar to those from the
Veria-Naousa and Guevgueli ophiolite complexes. Regarding concrete specimens produced
using diabases from Cyprus, they were the least durable amongst all of the tested samples
(26.0 to 29.0 MPa) (Table 4).

Table 4. Results of the uniaxial compressive strength test (UCScon) of the produced concrete specimens.

Samples UCScon (MPa)
KIL.2/Guevgueli 32.0
KIL.3/Guevgueli 32.0

BE.24/Veria 32.0
BE.43/Veria 33.0
ED.24/Edessa 31.0
BE.113/Veria 31.0
ED.45/Edessa 31.0
ED.66B/Edessa 31.0
ED.110/Edessa 32.0
PR1/Cyprus 26.0
PR2/Cyprus 29.0
PR3/Cyprus 28.0
PR4/Cyprus 27.0
BE.180/ Veria 32.0
KIL.11/Guevgueli 32.0
KIL.12/Guevgueli 31.0

4.6. Microscopic Features of the Concrete Specimens

The performance of the produced concrete specimens and the cohesion between the
used rocks and the cement paste were studied by means of a petrographic study of the
thin sections made with concrete specimens by using a polarising microscope (Figure 8).
Regarding the concrete specimens produced with diabases from the Veria-Naousa and
Guevgueli regions, they presented considerably better bonding between the diabases and
the cement paste (Figure 8a,b,e,f) than those derived from the Edessa ophiolite complex
(Figure 8c,d), where all of the collected samples presented local failures and microcracks
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due to the higher abundance of secondary minerals, especially chlorite. The specimen
produced using the aggregate ED.110 was presented as the exception of this ophiolite
complex since it showed good cohesion and similar features to that of the Veria-Naousa and
Guevgueli ophiolite complexes. Careful microscopic observation revealed that concrete
specimens produced using the diabases from Cyprus (Figure 8g,h) displayed the majority
of the failures and microcracks among all the produced specimens, triggering defects and
weaknesses in them. In Figure 8g/h, the local de-bonding between the diabase and the
cement is shown.

Figure 8. Cont.
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Figure 8. Photomicrographs of representative tested concrete specimens derived from all the studied
ophiolite complexes (all under XPL). (a,b) Good cohesion between the cement paste and the diabases
used as concrete aggregates and derived from the Veria-Naousa ophiolite complex. (c,d) Diabases
from the Edessa ophiolite complex presented strong bonding with the cement paste of the respective
produced concrete specimens. (e,f) Satisfactory cohesion between the cement paste and the diabases
used as concrete aggregates and derived from the Guevgueli ophiolite complex. (gh) Concrete
specimens made using the diabases from Cyprus showed failures and gaps between the aggregates
and cement.

5. Discussion

Nowadays, the interest in the identification of the specific effects of aggregates on the
final behaviour of constructed materials, especially concrete, is increased, as the prediction
of the behaviour of the aggregates in a construction constitutes a sustainable solution that is
necessary for society. Many researchers reported that the type of aggregates directly, either
natural [21,39,41,70,71] or recycled [72-74], affects both the aggregate properties and the
final products (i.e., concrete) depending on their microstructure. The mineralogical com-
position, texture and alteration phenomena of aggregate rocks are crucial parameters that
determine their engineering character, and hence, the final mechanical behaviour of con-
structions. According to many research studies, a significant parameter of mafic aggregate
rocks is the aggregate type and the amount of secondary phyllosilicate minerals contained.
The different lithologies of an ophiolite present a variety of mineralogical compositions
and textural features. Therefore, it is common for lithologies to give different mechanical
results, even within the same suite. The present study focused on the investigation of
exclusively diabase rocks from well-known ophiolites of Greece and Cyprus since these
are the main raw materials for the production of high-quality and durable concrete in
both countries. The main novelty of this study was that by taking into account a great
number of data on diabasic rocks, their engineering properties could be predicted with
respect to each other and the mechanical behaviour of the produced concrete could be
predicted through these properties, which directly depended on the micropetrographic
characteristics of the aggregate rocks. The engineering parameter values of the aggregates
and their respective concrete indicated that the diabases generally behaved in a satisfactory
manner as aggregates, particularly as aggregates in concrete. The overall results of the
physical properties of the rocks (w, nt, wa, pq) used as aggregates were suitable regarding
their use as concrete aggregates. However, significant differences were found between the
studied diabases that directly depended upon the ophiolite complex where they came from
and were apparently directly influenced by their particular mineralogical characteristics.

5.1. Correlation Analysis between the Engineering Properties of the Investigated Diabases

The study of the investigated diabasic samples from the studied ophiolite complexes
in correlation with their physicomechanical properties revealed the direct dependence of
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the properties between them. Regression analysis was applied regarding the physicome-
chanical properties of the diabases, with 95% confidence limits. The possible R? values
range from 0 to 1, where the values that tend towards the value 1 show the strongest
correlations. Similar correlations between the engineering properties of the aggregates and
between the aggregates and the engineering properties of the produced concrete specimens
were performed by numerous scientists (i.e., [20-26,39]).

The connection between the physicomechanical and physicochemical parameters is of
particular importance, as it allows for both the understanding of how the properties change
and the identification of strong trends that make it possible to estimate one parameter
based on another. Correlations between the engineering properties were reported by sev-
eral research studies, where they were interpreted based on their particular mineralogical
characteristics, as the correlation analysis constituted a more accurate and eco-friendly
method to check the aggregate qualities. The relationship between the mechanical strength
and the aggregate’s petrography was generally discussed and addressed by Rigopou-
los et al. [21] and Petrounias et al. [19,25,73]. Specific investigations on the subject are
sparse, and thus, each extra study enhances the corresponding literature. Gunsallus and
Kulhaw [75] indicated positive correlations between strength test results and the quartz
contained in sandstones. The same correlation between engineering properties was ob-
served by Petrounias et al. [25,73]. High correlations between the mechanical properties
were reported in many studies [25,76,77], which took into account igneous, sedimentary
and metamorphic rocks. In the present study, diabases from different ophiolite complexes,
which were characterised by different genetic features and ages, were studied; they showed
strongly correlated values regarding their mechanical properties, confirming and reinforc-
ing the research gap. The relationships determined between the mechanical parameters
are highly important since, in several cases, they allow for the evaluation of one property
via another. As shown in Figure 9 below, a high correlation was identified between the
uniaxial compressive strength (UCS) and the resistance to abrasion and attrition (LA).
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Figure 9. Uniaxial compressive strength (UCS) vs. the LA index of the investigated diabases.

As shown in Figure 9, individual grouping of the igneous rocks was evident. The
diabases from Cyprus were partially grouped with most of the diabases from Edessa
since they showed the lowest resistance to abrasion and attrition and the lowest uniaxial
compressive strength values, while the samples from Veria-Naousa were grouped with
those from the Guevgueli ophiolite complex. This range in the values of these rocks can
be attributed to a combination of factors, such as the different tectonic stresses and the
different grain sizes. A specific feature of the worst mechanical samples, aside from the
larger grain size, was the presence of numerous crystalline microcracks and discontinuities
since the discontinuities in the cylindrical specimens acted as natural slip levels during
uniaxial loading, while they did not influence the smallest fragments in the abrasion
and attrition. The examined rocks from Veria-Naousa and Guevgueli displayed similar
microcrack patterns, where both mainly contained intragranular microcracks confined to
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the interior of a single grain and sparsely transgranular microcracks that crossed more
than one grain. Most of them were sealed with secondary quartz and epidote. The values
of the physical and mechanical parameters were strongly correlated with each other. As
shown in Figure 10, the interdependence between the LA index and the moisture content
(w) was conspicuous. From these diagrams, it is evident that the abrasion and attrition
resistance of the lithotypes considered in the present study decreased linearly as the w
values and, therefore, the n; values increased. Similar relationships were reported by
several researchers [21,78,79], enhancing the clarity of the data of this study.
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Figure 10. Moisture content (w) vs. LA index of the investigated diabases.

Figure 10 suggests that the ability of a diabase rock to retain water within its structure
is positively correlated to the resistance to abrasion (LA). This fact can be interpreted physi-
cally since the pore spaces that can hold water can potentially become points of weakness
during the presence of mechanical forces of friction and impact. For example, diabase
rocks from Cyprus, maybe due to the early stages of rodingitization, could accommodate
relatively high amounts of water in their hollow spaces, which were the main points of
weakness during the loadings since the local absence of material meant that the mechanical
forces were applied unevenly throughout the rock mass and expanded strongly at points
of weakness, resulting in their breakdown. In addition, the presence or absence of minerals
that were derived from alteration processes, such as rodingitization (which occurred in
samples from Cyprus) seemed to significantly affect the correlations of engineering proper-
ties. For example, minerals such as hydrogarnet (shown in Figure 5h) can host water in
their mineral structure, while at the same time, these structures exhibit the ability to act
as surfaces of weakness under the presence of mechanical loads. Strong correlations were
identified between the values of uniaxial compressive strength (UCS) and moisture content
(w) (Figure 11). Similar correlations like those between the engineering properties were
observed by Petrounias et al. [25,73].

The ability of rocks to retain water in their structure, which is related to their increased
porosity properties, seemed to adversely affect the strength of rocks under uniaxial loading.
The physical interpretation of these relationships is similar to the interpretation given above
between the LA index and the moisture content (w). The existence of empty spaces that are
capable of retaining water in their structure seemed to include all these points of possible
breakage/weakness during the loading. The same mechanism was likely displayed by
rocks that contained an increased percentage of secondary minerals. The above hypothesis
bears the logic of the effect of the test on the specimen in question. It should be noted that
during the uniaxial loading, the press forces were exerted through the flat plates on the
specimens. At the next stage, especially in the case of igneous rocks due to their compact
and irregular structure, the grains tended to compete with each other under loading; the
stresses were evenly distributed between the grains of the rock specimens until the first
point of weakness of the specimen was identified, from which the loading and breaking of
the specimen followed. The existence of such individual points of weakness caused the
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uneven distribution of stresses and, therefore, easier breakdown of the material. Moreover,
regarding the physicochemical parameters, significant correlations were identified between
the soundness test (S) and the physical parameters of the aggregates. The nature of this test,
which simulates the disintegration resistance of aggregates when subjected to repeated
cooling—thawing cycles, is strongly correlated with the physical parameters of aggregates.
The relationship between S and w is presented in Figure 12.
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Figure 11. Moisture content (w) vs. uniaxial compressive strength (UCS) of the investigated diabases.
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Figure 12. Moisture content (w) vs. soundness test (S) of the investigated diabases.

The above positive linear equation suggests that rocks with high porosity and high
water-binding capacity in their structure are expected to be more susceptible to weathering.
Furthermore, they are expected to display correlations in terms of the nature of the test
since the test solution (MgSO4-H;,O) penetrates the porosity of the aggregates tested during
immersion and swells during drying, leading to a breakdown of rock structures and
weathering. As shown in both diagrams, the altered (rodingitised) diabases derived from
Cyprus and most of the diabasic samples from the Edessa ophiolite complex exhibited
the highest porosities and the highest values of moisture content. They also presented
less resistance in the soundness test (S) relative to the diabases derived from the Veria-
Naousa and Guevgueli ophiolite complexes, which showed lower porosity values. The
recommended relationships between engineering properties are close to those of Diamantis
et al. [80], who examined peridotites (central Greece); Undul and Tugrul [81], who examined
dunites from northwestern Turkey; and Rigopoulos et al. [21], who studied dolerites
from Greece.

5.2. Evaluation of the Diabases from Different Complexes Regarding the Quality of Concrete

One of the most important factors in the final mechanical characterisation of the
produced specimens was the mechanical properties of the aggregates. Either the LA
index or the resistance of rocks to uniaxial compressive test (UCS) showed an interaction
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with the resistance of concrete to uniaxial compressive strength (UCS¢on). The negative
exponential function, which can describe the relationship between the UCScon and the
resistance of rocks to abrasion and attrition (LA), is given as illustrated in Figure 13. Similar
trends of relationships between the mechanical properties of aggregates rocks, such as
LA and UCS, and the mechanical strength of the produced concrete directly depended on
the petrographic characteristics of the aggregates were proposed by several researchers
when studying various types of lithotypes [19,39]. The diagram of Figure 13 shows that
the aggregates with the lowest resistance to abrasion and attrition produced concrete
specimens with the lowest mechanical strength. By studying the diagram of Figure 13,
it is evident that there was a clear separation and grouping of the rocks, even by study
area, which reinforced the view that the genetic characteristics and the final mineralogical
characteristics determined the health of the rocks.
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Figure 13. LA index of the investigated diabases vs. the uniaxial compressive strength of the
produced concrete (UCScon).

Additionally, the equation that describes the relationship between the uniaxial compressive
strength of produced concrete specimens (UCScon) (Figure 14) and the uniaxial compressive
strength of diabases (UCS) is given by the following relation: UCS¢on = 6.47In(UCS) + 0.5583.
Similarly, the trend of the diagram in Figure 14 points out that using aggregates that were
mechanically weak resulted in the production of low-quality concrete, which is something
that may have happened due to the secondary phyllosilicate minerals contained since these
minerals may have formed slide surfaces [19].

35

33
« 31
o
3 B Guevgueli

29
é, A Veia-Naousa
> 27 < Edessa

5¢ I Cyprus

y = 6.4758In(x) + 0.5583
R?=0.8907
23
50 70 90 110 130 150 170

ucs (MPa)

Figure 14. Uniaxial compressive strength of the investigated diabases (UCS) vs. the uniaxial com-
pressive strength of the produced concrete specimens (UCScon).

All the above correlations between the mechanical properties of the aggregates and
the concrete strength indicated that the diabases of lower mechanical strength produced
concrete of lower strength. The above-stated view was supported by the numerous microc-



Buildings 2023, 13, 396

19 of 25

racks that were found penetrating both the cement paste and the fragments of low strength
during the petrographic study of the concrete (Figure 8g,h). These fragments tended to
break due to their low mechanical strength at the same time as the cement paste without
showing mechanical resistance, exactly as in the case with the samples from Cyprus and
some from Edessa.

Moreover, some structural characteristics of the aggregates may influence both the
mechanical properties of the aggregates and the mechanical strength of the produced con-
crete. For example, the structural characteristics of the rodingitised diabases from Cyprus
that displayed granoblastic garnet segregations seemed to determine to a significant extent
the mechanical properties of diabases used as aggregates and their concrete strength. As
shown through the microscopic observations of the concrete thin sections, the hydrogarnet
displaying isomorphic mixtures between grossular and andradite exhibited venous and
cloudy textures. Thus, it was possible for them to be separated to a large degree during the
loading of the cylindrical specimen while conducting the uniaxial compressive strength
test. In contrast, the concrete specimens prepared from diabases from the Veria-Naousa and
Guevgueli ophiolite complexes did not seem to present systematic extensive microscopic
failures due to their higher strength compared with those derived from the Cyprus and
Edessa ophiolite complexes, as shown in Figure 14.

In general, the presence of secondary minerals in the diabase rocks seemed to have a
negative effect on the concrete strength. This was due, on the one hand, to the ability of
these minerals to adsorb water (which is necessary for the hardening of the cement) and,
on the other hand, to the fact that these minerals had much lower mechanical strength than
the primary ones where they were replaced. The negative impact of other phyllosilicate
minerals on concrete was considered by research studies [19,25]. Based on all the above
results, it became clear that as the percentages of secondary minerals in the mineralogical
composition of the aggregates used increased, so did the strength of the concrete produced
in which these aggregates were used.

In addition, all the above regarding the interaction of aggregates and mortar was con-
firmed by the correlation between the final concrete strength (UCScon) and the soundness
test (S) (Figure 15). This correlation showed that the samples that had low resistance to
alternations of cooling and heating cycles, such as the samples from Cyprus also had a low
final concrete strength, which was due to the ability of the aggregates to absorb water in
their structure. The diabases with a high capacity for water adsorption and, therefore, for
the MgCOj3 solution showed faster breaking of their structure and, therefore, low soundness
test values. The same samples with their increased ability to adsorb water showed that
when they were inside the mortars, they absorbed an increased amount of water, which
was necessary for the hardening of the cement. Therefore, the concrete showed a series of
imperfect hydration reactions of the cement and low concrete strength.

As can be observed from all the above correlations, the effects of the mineralogy and
special micropetrographic characteristics of the diabase aggregate rocks played significant
roles in the final mechanical performance of the concrete specimens, as they determined
the cohesion between the used aggregates and the cement paste. More specifically, as can
be seen in Figure 8, the diabase samples derived from the Veria-Naousa and Guevgueli
ophiolite complexes presented considerably better cohesion between the cement paste and
the aggregates (Figure 8a,b,e f) than those derived from the Troodos ophiolite complex,
which displayed the majority of failures and microcracks among all the produced specimens,
triggering defects and weaknesses in it. The presence of the early stages of rodingitisation in
the diabase samples of Troodos, which were observed for the first time, led to the frequency
of the referred failures and microcracks in the produced concrete specimens.
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Figure 15. Soundness test (S) of the investigated diabases vs. the uniaxial compressive strength
(UCScon) of the investigated concrete specimens.

5.3. The Impact of the Microroughness of the Aggregates on the Final Mechanical Behaviour of the
Produced Concrete

The surface texture of the aggregate grains, as determined using the secondary electron
images (SEI) (Figure 7), significantly determined the bonding of the aggregates with the
cement paste and hence the resistance of the concrete on the mechanical loading [15,39,41].
It is quite difficult to safely quantify the surface texture of the aggregate grains, as well
as correlate it directly with the concrete strength. However, in the present study, for the
first time, a three-dimensional (3D) processing of representative images of thin sections of
concrete specimens containing diabases from different complexes of Greece and Cyprus
was performed to present the effects of surface texture on the bonding of aggregates with
the cement paste (Figure 16). The following figures are real 3D illustrations of the surface
texture of the concrete, as they were captured in each thin section after grinding and
polishing during the preparation process (Figure 16).

As mentioned, the diabases from Cyprus and some from the Edessa ophiolite complex
tended to show lower microtopography compared with all the other examined diabases
due to the flat surfaces created by chlorite and garnet. As shown in Figure 16g,h, garnet
(produced through rodingitisation) seemed to create flat surfaces that produced lower
microtopography, even from the cement paste (cement-carbonated sand). In these extended
flat surfaces, it was not possible to perform satisfactory bonding between the cement paste
and the aggregate particles, leading to the formation of points of weakness in the concrete.
On the other hand, the diabase rocks from the Veria-Naousa and Guevgueli ophiolite
complexes showed in their entirety an increased microroughness, which tended to create
juxtaposed formations (Figure 16a,b,e,f). These formations also created a satisfactory
substrate for the adhesion of the cement paste, increasing the mechanical endurance of the
produced concrete.

This occurred because the aggregate (diabase) acted as a container of the cement paste
around it by accepting the penetration of the cement paste during its initial maturation
between the protruding mineral phases. As a result, the cement paste, when fully cured,
also acquired a small relief on the interface between the cement paste and the aggregate.
A typical example of a sample of increased microroughness is sample BE.43, which, as
shown in Figure 16b, displayed a higher microtopography than that of the cement paste,
creating juxtaposed formations. The diabases that contained small percentages of evenly
distributed chlorite were of great interest. This happened because they showed increased
microroughness as a result of the combination of smooth and flat surfaces of chlorite and
other mineral phases, such as pyroxene and plagioclase. The positive effect of alteration
on the maintenance of microroughness was reported by many researchers [19,29,82]. As
shown in the aforementioned figures, the existence of evenly distributed chlorite had a
positive effect on all the concrete specimens produced by diabases from the Veria-Naousa
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and Guevgueli ophiolite complexes. As the points where chlorite pre-existed accounted
for the reception points of the cement paste, this led to the creation of a high interaction
between the aggregates and the cement. The albite penetrations into the diabase rocks also
had a positive effect since they produced local outbursts of the microtopography.

Figure 16. Three-dimensional depictions of the investigated concrete specimens derived from all the
studied ophiolite complexes. (a,b) Concretes that contained diabase aggregates derived from the
Veria-Naousa ophiolite complex. (c,d) Concretes that contained diabase aggregates derived from
the Edessa ophiolite complex. (e,f) Concretes that contained diabase aggregates derived from the
Guevgueli ophiolite complex. (g,h) Concretes that contained diabase aggregates derived from the
Troodos ophiolite complex.

The statistical accuracy of the above data was rechecked using a t-test and given
using the p-value. The significantly higher values of the t-test than the critical t-table,
the p-value of these pairs much lower than the typical 0.05 and confidence levels even
higher than 99% strongly indicated the validity of the aforementioned relations (Table 5).
These statistical accuracies of similar relationships were shown using the f-test analysis
(i.e., [23,82]), enhancing the strong relationship either between the engineering properties
or between them and the mechanical behaviour of the produced concrete.
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Table 5. Paired t-test results for the statistical correlations of the samples and the concrete correlations.
The given critical t-table values were for the relevant freedom degrees (dF) and confidence levels of
99% (oe = 0.01), 98% ( = 0.02), 95% (ex = 0.05) and 90% (ox = 0.10).

t-Table Values

Pair t-Test dF p-Value Figure
o =0.01 o =0.02 o =0.05 o =0.10

LA-UCS —12.015149 15 0.0000000042488 2.947 2.602 2.131 1.753 9
W-LA —14.537938 15 0.00000000030169 2.947 2.602 2.131 1.753 10
W-UCS —14.81061 15 0.00000000023224 2.947 2.602 2.131 1.753 11
W-S —10.9701 15 0.000000014586 2.947 2.602 2.131 1.753 12
LA-UCScon —14.135563 15 0.0000000004474 2.947 2.602 2.131 1.753 13
UCS-UCScon 11.510811 15 0.0000000076185 2.947 2.602 2.131 1.753 14
S-UCScon —30.845358 15 0.000000000000005515 2.947 2.602 2.131 1.753 15

6. Conclusions

This study considered diabases from various ophiolite complexes from both Greece
(Veria-Naousa, Edessa and Guevgueli) and Cyprus (Troodos) to evaluate their suitability as
concrete aggregates. The basic conclusions of the study are given below:

e The intense high strength and durability of the altered diabases result from the low
amount of soft minerals and microcracks, along with the preservation of igneous textures.

e  Diabases from the Veria-Naousa and Guevgueli ophiolite complexes showed better
engineering properties in contrast to those derived from the Edesssa ophiolite complex
and even more than those derived from Cyprus (Troodos ophiolite complex), which
strongly depended on their alteration degree.

o  The microstructural characteristics of the diabases seemed to be the critical parame-
ter for the mechanical behaviour of the produced concrete specimens, where those
made using Veria-Naousas” and Guevguelis’ diabases were classified as the most
durable ones; in contrast, those made using Edessas’ and Cyprus’ diabases were of
lower quality.

e  The mechanical performance of the produced concrete specimens was directly depen-
dent on the micropetrographic characteristics of the concrete aggregates.

e  The decisive factors for achieving better bonding between the cement paste and
the aggregate in the concrete (optimum cohesion) were the microstructural charac-
teristics of the aggregates contained, enhancing the contribution of petrography in
engineering geology.

e  Petrography may act as a useful tool in order to predict the mechanical behaviour of
aggregate rocks and the produced concrete specimens.
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