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11 ABSTRACT

12 In volcanic terrains and in particular island regions, the aggregates come from the mechanical crushing of lava 

13 rocks and pyroclastic deposits. This study offers an experimental database of the geomechanical 

14 characteristics of different volcanic rock lithotypes and the aggregates obtained from these rocks. For this 

15 purpose, 971 aggregate samples and 643 rock samples of 11 different common volcanic lithotypes (including 

16 basalts, trachybasalts, trachytes, phonolites, ignimbrites and pyroclasts) were tested. These represent the 

17 majority of stone materials found in volcanic islands. Furthermore, correlations between the different 

18 properties of the aggregates (volumetric, geometric and mechanical properties) have been established, as well 

19 as between certain aggregate properties and the source rock. This allows an estimation of the foreseeable 

20 characteristics of the aggregates based on their origin. The results show that the aggregates from massive 

21 lithotypes provide superior resistance, partly due to their high density. These generally comply with the 

22 standard specifications although the particle shape may present an excessive flakiness index. However, the 

23 most abundant volcanic aggregates come from very porous rocks with a vesicular or scoriaceous structure, 

24 non-cubic particles, low resistance and high absorption, though they provide good drainage capacity. The high 
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25 statistic dispersion of the geomechanical properties is due to the different viscosity of the magmas, degrees of 

26 explosiveness of the volcanic eruption and random spatial distribution. Even the abundant vesicular and 

27 scoriaceous volcanic aggregates, generally considered as marginal materials, may offer adequate quality and 

28 properties for certain construction applications. In this sense, the use of these aggregates might contribute to 

29 the development of infrastructures in these regions and thus a sustainable utilization of this natural material.

30 Keywords: Volcanic aggregate; Volcanic rock; Massive volcanic aggregate; Vesicular volcanic aggregate; 

31 Scoriaceous volcanic aggregate; Pyroclastic aggregate; Pavement construction

32

33 Highlights:

34 • A characterization data base of the main volcanic aggregate lithotypes is provided for construction 

35 purposes.

36 • Utility of the simplified classification of volcanic aggregates into massive, vesicular and pyroclastic is 

37 confirmed.

38 • Relations among aggregate properties and between aggregate and rock properties are provided.

39 • Massive aggregates are recommended for road surface layers, vesicular for bases, and pyroclastic for 

40 permeable subgrades and fillings.

41

42 1. Introduction

43 Aggregates are fundamental in the construction industry. They constitute one of the most consumed products 

44 in the world and one of the four most important raw materials in world mining [1]. In volcanic regions, and 

45 especially on island territories, there are numerous environmental, technical and economic limitations and 

46 constraints regarding the exploitation of these aggregates. In this sense, it is fundamental to know the 

47 properties of all the natural aggregates in order to consider possible applications for different construction 

48 uses. The endogenous origin of volcanic territories determines a great variability and heterogeneity of existing 
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49 materials and their properties even within the same quarry or natural deposit. The spatial distribution of the 

50 different rocks is usually unpredictably irregular and discontinuous [2], either due to the wide diversity of 

51 possible lithologies (basalts, basanites, trachytes, phonolites, rhyolites, etc.), the different rock structure 

52 (massive, vesiculated, isotropic, anisotropic), the type of alteration (hydrothermal, diagenetic, weathering, 

53 thermal contact) or the type of eruption that produced the rocks quarried for aggregates (effusive, explosive). 

54 This accumulation of constraints explains the lack of scientific-technical literature regarding the 

55 implementation of volcanic aggregates [2].

56 The main objective of this study is to promote the diversification of usable volcanic material for construction 

57 implementation in these regions where resources and territory are limited as well as protected 

58 environmentally. Bearing this in mind, an exhaustive geomechanical characterization of the main lithotypes is 

59 offered for possible use in the construction of road or airport pavements, used as unbound granular material, 

60 or as an aggregate for asphalt mixture or for cement concrete. However, for this last application additional 

61 testing would be necessary: chemical stability, alkali-silica reactivity, long-term durability of unstable 

62 minerals. From these properties, characterized by the European test standard (EN), correlations between the 

63 different properties of volcanic aggregates and between these and the source rock are presented in order to 

64 infer expected properties as long as the origin is known. In this way, the following characteristics were 

65 determined: particle density (EN 1097-6), water absorption (EN 1097-6), flakiness index (EN 933-3), 

66 percentage of crushed and broken surfaces (EN 933-5), sand equivalent (EN 933-8), sand friability (UNE 83-

67 115-89), resistance to wear (EN 1097-1) and resistance to fragmentation (EN 1097-2); as well as the following 

68 properties of the original rock: bulk density (EN 1936) and uniaxial compressive strength (EN 1926). Finally, 

69 a simplified classification of volcanic aggregates for engineering applications is confirmed which will 

70 simplify the complex geological classifications and thus allow technicians and operators take decisions 

71 regarding the possible construction uses of a certain type of volcanic aggregate.

72 1.1. Background

73 There are studies that support the use of certain volcanic aggregates in road engineering [1-6]. Some studies 

74 even analyse the use of certain marginal volcanic aggregates (ashes, scoriae, tuffs, basaltic lapilli) in cement 

75 concrete [7-11] and in asphalt mixtures [2,12-14] based on the hydraulic capacity, profitability and low 
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76 environmental impact [2,8]. However, the performance of the final product will always depend on the 

77 individual properties of each one of the component materials and the proportion in which they are used 

78 [15,16].

79 Up to now, characterization studies of volcanic materials have focused on determining the properties of 

80 certain aggregates after analysing the rock characteristics [17,18]. Generally speaking, when it comes to 

81 analysing the quality of an aggregate, a resistance characterization is carried out using tests such as Los-

82 Angeles (LA) and Micro-Deval (MDE) [6]. Other studies have sought a way to estimate the values of LA and 

83 MDE coefficients by indirect tests that are quicker and more affordable [19,20-22]. Certain studies explored the 

84 way to deduce the LA coefficient from the results obtained with the Schmidt hammer, Point Load Test (PLT) 

85 and the porosity [22]. To this effect, this study analysed samples of igneous, metamorphic and sedimentary 

86 rocks with different LA coefficients (10-76%). The results showed a certain correlation between the LA 

87 coefficient and the Is of the Point Load Test (R2 = 0.72) and with the Ir results obtained by the Schmidt 

88 hammer (R2 = 0.62). Furthermore, the correlations clearly improved separating the samples according to their 

89 porosity (n<1% y n>1%). Further studies [20,21], that analysed different non volcanic lithotypes according to 

90 petrology, porosity and density, provided LA values from electric resistivity, density and porosity, 

91 accomplishing a good correlation between electric resistivity and the LA coefficient. In Ref. [19] the LA 

92 coefficient, the uniaxial compressive strength (UCS) and the bulk density (ρb) of various volcanic lithotypes 

93 from the Canary Islands (Spain) were correlated and it was concluded that it is possible to estimate the UCS 

94 from the LA and ρb; these last properties can be obtained in an easier, quicker and more affordable manner.

95 1.2. Classification of volcanic materials 

96 Among volcanic rocks it is possible to find a variety of materials with very different compositions (basaltic, 

97 basanitic, trachytic, phonolitic, tephritic or rhyolitic) and rock structure (lava flows, cemented or non-

98 cemented pyroclasts, volcanic breccia, ignimbrites) [23,24]. A characterization of these rocks has been carried 

99 out with the works in Ref. [25-27] about lithotypes in the Canary Islands (Spain); an archipelago of volcanic 

100 origin situated in the Atlantic Ocean near the NW coast of Africa (N28º, W15º30’). In these works, a 

101 classification of volcanic rocks has been organized according to petrology and texture, and providing data 

102 concerning the geomechanical properties. These studies allowed the Regional Government of the Canary 
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103 Islands to publish a Guide for Geotechnical Studies in Building in the Canary Islands (GETCAN-011) [28], 

104 which classifies lava rocks by cohesion, lithology, texture and vesicularity; and the pyroclastic materials 

105 according to lithology, welding grade and particle size. However, although this rock classification may be a 

106 starting point to classify volcanic aggregates, it does not allow the deduction of properties for constructive 

107 applications of those aggregates obtained by fragmentation as the engineering characterization of aggregates 

108 has not been addressed in these studies. Consequently, up until now the main properties of the wide range of 

109 volcanic aggregates have not been characterized systematically. The lack of knowledge concerning their 

110 characteristics and the absence of specific technical regulations for their use, means that frequently works 

111 support additional costs due to the importation of materials or due to doubts regarding non-compliance with 

112 certain specifications [5].

113 A first step towards an engineering classification of volcanic aggregates for construction purposes has been 

114 established in Ref. [2], within the framework of a research of the utilization of marginal high-porosity 

115 volcanic aggregates in asphalt mixtures for pavements. The present study aims to present a thorough and 

116 systematic research that will allow the property characterization of different lithotypes of volcanic aggregates 

117 for practical construction applications as well as provide the correlations among these properties and with the 

118 source rock.

119

120 2. Experimental method

121 2.1. Materials

122 The volcanic aggregate samples (Fig. 1) and the volcanic rocks (Fig. 2) were obtained in different quarries and 

123 natural deposits around the different islands of the Canarian archipelago, and were initially gathered according 

124 to the classification in Ref. [27,28]. Most of the aggregate crushing plants in these quarries use jaw crushers 

125 for breaking rocks. A total of 971 aggregate samples (without any alteration) were tested. These were obtained 

126 using normalized sample procedures, including 3 different particle size fractions (10–20, 4–10 and 0–4 mm), 

127 and obtained from 22 localizations. These represent a total of 11 different lithotypes (4 different basalts, 1 

128 trachybasalt, 1 trachyte, 1 phonolite, 2 ignimbrites and 2 pyroclasts; see Table 1). These samples allowed 
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129 1392 tests following the European standards (EN). In relation with the volcanic rock samples, cylindrical 

130 cores of different diameters were obtained for the UCS tests and bulk density tests according to the standards 

131 (EN). A total of 643 rock samples were tested with a total of 860 tests. The lithotypes mentioned in Table 1 

132 represent the majority of stone materials that may be found in volcanic territories.

133

134   

135 Fig. 1. Different lithotypes of volcanic aggregates: A) Massive black basalt (Gran-Canaria 

136 Island); B) Vesicular grey basalt (Fuerteventura Island); C) Example of pyroclasts: red ochre 

137 basaltic lapilli (Gran-Canaria Island).

138

139

140 Fig. 2. Samples of volcanic rocks obtained from blocks and cylindrical cores: A) B-OP-M; 

141 B) B-OP-V; C) B-A-M; D) B-S; E) T; F) P; G) I-NW; H) L-NC (Red). (See description of 

142 each lithotype in Table 1).

143
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144 Table 1

145 Engineering classification, description and recommended applications of the different volcanic 

146 lithotypes sampled in this research.

Volcanic lithotypes and subtypes Abbrev. Description
[Geological age]

Location (X) Recommended uses

Massive black basalt
[Pleistocene]

28R459W3116N (La 
Isleta, Las Palmas, GC)

Massive black basalt
[Pleistocene]

28R367W3152N (La 
Laguna, TF)

Asphalt mixture(*)(**), Cement 
concrete(*), Road unbound 
granular base layer(*)(**)

Olivine-pyroxene 
basalt (Massive 
subtype)
(M)

B-OP-M

Massive weathered grey 
basalt [Miocene]

28R419W3098N (La 
Aldea de S. Nicolás, GC)

Road unbound granular base 
layer(*)(**), Embankment(*)(**)

Vesicular grey basalt
[Pleistocene]

28R459W3116N (La 
Isleta, Las Palmas, GC)

Vesicular grey basalt
[Pleistocene]

28R608W3177N 
(Corralejo, La Oliva, FV)

Vesicular grey basalt
[Pleistocene]

28R209W3075N (S. 
Andrés, Valverde, EH)

Olivine-pyroxene 
basalt (Vesicular 
subtype)
(V)

B-OP-V

Vesicular black basalt
[Pleistocene]

28R382W3153N 
(González Vilanova, TF)

Road unbound granular base 
layer and subase(**), 
Subgrade(**), 
Embankment(*)(**), 
Filling(*)(**)

Aphanitic basalt 
(Massive subtype) 
(M)

B-A-M Massive grey basalt
[Pleistocene]

28R354W3112N (La 
Cisnera, Arico, TF)

Asphalt mixture(*)(**), Cement 
concrete(*), Road unbound 
granular base layer(*)(**)

Scoriaceous basalt
(V)

B-S Scoriaceous ochre basalt 
[Pleistocene]

28R459W3116N (La 
Isleta, Las Palmas, GC)

Road unbound granular 
subbase(**), Subgrade(**), 
Embankment(**), Filling(*)

Trachybasalt
(M)

TB Light grey trachybasalt 
[Miocene]

28R356W3113N (GobCan, 
TF)

Basalt

Trachyte
(M)

T Beige trachyte
[Miocene]

28R600W3163N (Tindaya, 
La Oliva, FV)

Asphalt mixture(**), Cement 
concrete(*), Road unbound 
granular base layer(**)

Massive greenish  
phonolite [Late Miocene]

28R451W3075N (Juan 
Grande, S. Bartolomé, GC)

Phaneritic phonolite
[Late Miocene]

28R433W3113N (Gáldar, 
GC)

Aphanitic phonolite
[Late Miocene]

28R452W3105N (San 
Lorenzo, Las Palmas, GC)

Massive phonolite
(M)

P

Aphanitic phonolite
[Late Miocene]

28R442W3073N (Fataga, 
S. Bartolomé, GC)

Asphalt mixture(*)(**), Cement 
concrete(*), Road unbound 
granular base layer(*)(**)

Rocks

Phonolite

Welded ignimbrite
(V)

I-W Greenish ignimbrite
[Late Miocene]

28R440W3079N 
(Ayagaures, S. Bartolomé, 
GC)

Cement concrete(*)(***), Road 
unbound granular base(*), 
Ornamental stone(*)

Non-welded ignimbrite
(Py)

I-NW Beige non-welded 
ignimbrite (pumice)
[Late Miocene]

28R434W3072N 
(Arguineguín, S. 
Bartolomé, GC)

Pozzolanic cement 
manufacture(*), Non-
structural lightweight 
concrete(*)(***), Ornamental 
stone(*)

L-NC 
(Black)

Black basaltic lapilli
[Pleistocene]

28R459W3116N (La 
Isleta, Las Palmas, GC)

Pyroclasts

Non-cemented basaltic lapilli
(Py)

L-NC 
(Red)

Red ochre basaltic lapilli
[Pleistocene]

28R459W3116N (La 
Isleta, Las Palmas, GC)

Permeable subbase and 
subgrade(**), Permeable 
filling(*)(**), Non-structural 
lightweight concrete(*)(***), 
Gardening(*)

(M) Massive class; (V) Vesicular class;  (Py) Pyroclastic class ; (TF) Tenerife Island; (GC) Gran-Canaria Island; (FV) Fuerteventura Island; (EH) El-
Hierro Island; (*) Practical experience by paving construction industry in the Canary Islands; (**) Recommended application according to results of this 
study; (***) For cement concrete it is necessary to limit the alkali-silica reactivity; (X) UTM coordinates are accurate to 1 km.
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148 2.2. Instruments

149 To characterize the main volumetric, shape and resistance properties of the different aggregate fractions, the 

150 following laboratory equipment was utilized: a) standard testing sieves according to EN 933-2 and bar sieves 

151 (EN 933-3); b) balances, resolution ±0.1 g and accuracy ±0.1%; c) laboratory ovens (Matest), capacity 100 

152 litres, natural convection and thermostatic control up to 250 °C, resolution ±0.1 ºC and accuracy ±1.0 °C; d) 

153 glass pycnometers, capacity 1.3 litres, previously calibrated (0.001327 m3); e) Los-Angeles drum machine 

154 (Mecacisa), 32±1 min, with 11 steel balls of 440 g; f) Micro-Deval rotary 160 machine (Matest), 100±5 

155 rad/min, with steel balls Ø10 mm; g) laboratory ovens (Matest), capacity 100 litres, natural convection and 

156 thermostatic control up to 250 °C, resolution ±0.1 ºC and accuracy ±1.0 °C; h) universal testing machine (10 

157 ton) with 1000 kN capacity.

158 2.3. Laboratory tests

159 In order to characterize the aggregates, the petrological nature, the inherent properties (density, porosity, 

160 particle shape and angularity) and the mechanical properties (resistance to fragmentation and to wear) were 

161 taken into account. As for the rocks, these were characterized by density and resistance properties.

162 Tests were performed on the different rock cores and on each one of the three fractions of the aggregate 

163 samples: coarse fraction (10-20 mm), medium fraction (4-10 mm) and fine fraction (0-4 mm), with the aim of 

164 observing performance differences among particle size fractions and correlating rock-aggregate properties. 

165 The values obtained were assessed according to different road specifications [29-31].

166 The density of the dry particles (ρrd) and the density of the saturated particles with the dry surface (ρssd) were 

167 measured for determining the apparent particle density (ρa) by the pycnometer method (EN 1097-6) and the 

168 water absorption after 24 hours (WA24) (EN 1097-6), according to Eq. (1) a (4) in Table 2.

169 To obtain the flakiness index (FI) specified sieves were used according to EN 933-3 and Eq. (5). For the 

170 determination of the percentages of crushed and broken surfaces C(c,r,tc,tr) (EN 933-5) coarse fraction was used, 

171 and the crushed particles (Mc), rounded particles (Mr), totally crushed particles (Mtc) and totally rounded 

172 particles (Mtr) were manually separated. Eq. (6) was used for the calculations of these indexes.
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173 To obtain the sand equivalent (SE10) the fraction grading 0-2 mm was tested according to standard EN 933-8 

174 and calculations according to Eq. (7).

175 In order to determine the resistance to fragmentation by the Los-Angeles (LA) test (according to EN 1097-2), 

176 5 kg of coarse fraction (10-20 mm) aggregate were mixed with the abrasive load (422±22g), according to the 

177 standard proportion (40% aggregate 10-12.5 mm; 60% aggregate 12.5-16 mm; 11 steel balls Ø 45-49 mm). 

178 For the medium fraction (4-10 mm), alternative proportions were employed (4-6.3 mm and 4-8 mm), 

179 according to standard (EN 1097-2). The drum speed was 31-33 rpm during 500 revolutions of the test. The 

180 LA coefficient was calculated according to Eq. (8).

181 To determine the resistance to wear in the Micro-Deval (MDE) device (EN 1097-1), 500 g of aggregate were 

182 mixed with the abrasive load following standard proportions (40% aggregate 10-12.5 mm; 60% aggregate 

183 12.5-16 mm; steel balls Ø 10 mm, and 2.5 ± 0.05 L of water). For the medium fraction (4-10 mm), alternative 

184 proportions were used (4-6.3 mm and 4-8 mm), according to standard (EN 1097-1). During the test, the drums 

185 spun 12000 ± 10 spins at 100 ± 5 rpm. The MDE coefficient was calculated according to Eq. (9).

186 To determine the sand friability (SF) using the Micro-Deval equipment (UNE 83-115-89), 500 g of aggregate 

187 1-2 mm were mixed with the abrasive load (2500 ± 4 g) according to standard proportions (9 steel balls Ø 30 

188 mm and 110 g; 21 balls Ø 18 mm and 25 g; 246 balls Ø 10 mm and 4 g, and 2.5 L of water). During the test, 

189 the drums spun 1500 spins at 100 ± 5 rpm. The SF coefficient was calculated according to Eq. (10).

190 The bulk density (ρb) of the rocks was calculated using a hydrostatic scale (EN 1936) and Eq. (11). The 

191 resistance to uniaxial compressive strength (UCS) of the rocks (EN 1926) was determined by testing the 

192 cylindrical specimens in the hydraulic press with a minimum of 5 specimens for each rock sample, according 

193 to test Standard (ratio length/diameter of the sample 2.5, and load speed 0.5-1 MPa/s) and Eq. (12).
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196 Table 2

197 Expressions used to calculate the different properties of aggregates and rocks, according to 

198 laboratory test European standards (EN).

Properties Laboratory test Equation Test measurements
Apparent particle 
density

4

4 2 3( )a w
M

M M M
ρ ρ=

− −
(Eq. 1)

Density of the dry 
particles

4

1 2 3( )rd w
M

M M M
ρ ρ=

− −
(Eq. 2)

Density of the 
saturated particles 
with the dry surface

1

1 2 3( )ssd w
M

M M M
ρ ρ=

− −
(Eq. 3)

Aggregate 
volumetric 
properties

Water absorption 
after 24 hours

1 4
24

4

100M MWA
M
−

= ⋅ (Eq. 4)

(M1) saturated aggregate mass with dry surface, 
in g;
(M2) pycnometer mass with the saturated 
aggregate, in g;
(M3) pycnometer mass full of water, in g;
(M4) dry aggregate mass, in g;
(ρw) water density at the temperature when 
weighting M2, in g/cm3.

Flakiness index 2

1

100MFI
M

= ⋅ (Eq. 5) (M2) total mass of the particles passing through 
the bar sieve;
(M1) total mass tested.

Aggregate 
geometric 
properties

Percentages of 
crushed and broken 
surfaces

( , , , )
( , , , )

1

100c r tc tr
c r tc tr

M
C

M
= ⋅

(Eq. 6) M(c,r,tc,tr) mass of each group of particles; (Mc) 
particles with more than 50% of crushed 
surfaces; (Mr) particles with more than 50% of 
rounded surfaces; (Mtc) particles with more than 
90% of crushed surfaces; (Mtr) particles totally 
rounded;
(M1) total mass tested.

Aggregate 
impurities

Sand equivalent 2
10

1

100hSE
h

= ⋅ (Eq. 7) (h1) total suspension height with respect to the 
base;
(h2) sediment height.

Los-Angeles 
coefficient

5000
50

mLA −
= (Eq. 8)

Micro-Deval 
coefficient

500
5DE

mM −
= (Eq. 9)

(m) retained mass by sieve #1.6 mm, in g after 
the test.

Aggregate 
mechanical 
performance 
properties

Sand friability 100mSF
M

= ⋅ (Eq. 10) (M) initial sample mass in g;
(m) final mass of particles Ø <0.05 mm, in g.

Bulk density d
b w

s h

m
m m

ρ ρ=
−

(Eq. 11) (md) mass of the dry rock sample (core), in g;
(ms) saturated mass of the rock sample, in g;
(mh) submerged mass, in g;
(ρw) water density, in g/cm3.

Rock 
properties

Uniaxial 
compressive 
strength

FUCS
S

= (Eq. 12) (F) Total failure load, in N;
(S) Cross section area of the sample, in mm2.

199

200

201 3. RESULTS

202 Table 3 shows the results of the average values of each property for the samples of different aggregate 

203 fractions from the same site or quarry.
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204 Table 3

205 Average values for each aggregate fraction of the different properties in the samples of the 

206 different lithotypes of volcanic aggregates and locations.

Fraction 10-20 mm Fraction 4-10 mm Fraction 0-4 mmLithotype
(See Table 1) Location

ρa ρrd ρssd WA24 FI Cc LA MDE ρa ρrd ρssd WA24 FI LA MDE ρa SF SE10

B-OP-M GC (Las 
Palmas)

3.10 2.98 3.06 1.90 11 90 15 21 3.03 2.85 2.94 2.89 21 19 23 2.87 27 72

B-OP-M TF (La 
Laguna)

2.95 2.66 2.76 3.64 9 67 17 3.12 2.81 2.83 7.18 36

B-OP-M TF (Peñate 
Caballero)

2.75 2.57 19 92 18 2.74 2.96 21 19 82

B-OP-M TF 
(González 
Vilanova)

2.69 2.72 2.22 11 12 2.55 2.62 2.93 2.94

B-OP-M GC (La 
Aldea)

2.77 2.58 2.70 4.73 32 54 2.75 2.43 2.62 7.58 7 65 2.70

B-OP-V GC (Las 
Palmas)

2.90 2.58 2.70 4.47 4 44 31 15 2.94 2.65 2.77 4.52 3 35 31 2.83 26 65

B-OP-V GC (Las 
Palmas)

2.97 2.61 2.74 5.04 9 68 37 28

B-OP-V GC (Las 
Palmas)

2.87 2.52 2.67 6.01 4 53 32 12

B-OP-V FV 
(Corralejo)

2.76 2.21 2.42 9.20 2 62 20 14 2.87 2.28 2.49 9.16 8 21 16 2.07 74 88

B-OP-V EH (S. 
Andrés)

2.96 2.47 2.63 6.39 5 54 20 2.83 2.18 2.42 11.13 8 68

B-OP-V TF 
(González 
Vilanova)

2.55 3.59 14 18

B-A-M TF (Arico) 2.54 2.50 2.40 2.85 7 84 18 2.79 2.60 2.59 3.06 8 16  2.99  75
B-S GC (Las 

Palmas)
2.69 2.01 2.27 12.99 3 52 42 34 2.95 2.38 2.58 8.44 2 54 57 3.01 17 97

TB TF 
(GobCan)

2.83 2.66 2.72 2.37 77 21 2.93

T FV (La 
Oliva)

2.62 2.39 2.48 3.46 82 24 2.70 60

P GC (Juan 
Grande)

2.66 2.57 2.60 1.10 20 61 11 15 2.71 2.52 2.59 2.67 25 2.67 77

P GC   
(Gáldar) 

2.66 2.50 2.55 1.95 27 62 22 25 2.65 2.41 2.42 2.13 30 30 2.61 84

P GC (San 
Lorenzo)

2.67 2.58 2.59 1.24 22 23 16 2.48 2.70 2.56 3.40 23 2.60

P GC (Fataga) 2.61 2.57 2.59 1.60 13 79 12 6 2.65 2.52 2.57 2.73 20 16 10 2.62 24 76
I-NW (Pumice) GC (S. 

Bartolomé)
2.05 1.34 1.70 27.60 35 74 2.30 1.38 1.80 30.62 35 78 2.22 55

L-NC (Black) GC (Las 
Palmas)

2.13 1.41 1.75 23.88 4 72 37 26 2.44 1.45 1.87 28.96 2 32 57 2.69 15 93

L-NC (Red) GC (Las 
Palmas)

1.99 1.43 1.72 20.29 3 65 47 29 1.96 1.25 1.62 29.97 2 31 63 2.41 12 99

(ρa) Particle density [EN 1097-6] in g/cm3; (ρrd) Particle density [dry] in g/cm3; (ρssd) Density of the saturated particles with the dry surface, in 
g/cm3; (WA24) Water absorption of particles after 24 h [EN 1097-6] in %; (FI) Flakiness index [EN 933-3] in %; (Cc) Percentage of particles 
with more than 50% of their surface crushed or broken [EN 933-5]; (LA) Los-Angeles coefficient [EN 1097-2]; (MDE) Micro-Deval 
coefficient [EN 1097-1]; (SF) Sand Friability [UNE 83-115-89] in %; (SE10) Sand Equivalent [EN 933-8] in %; (TF) Tenerife Island; (GC) 
Gran-Canaria Island; (FV) Fuerteventura Island; (EH) El-Hierro Island.

207

208 In order to provide certain reference values of the volcanic aggregate properties that might have a more 

209 universal application and thus serve as a guide in the construction sectors, the previous results were averaged 

210 for the samples of the same lithotype with the three grading fractions. These results are shown in Table 4. 
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211 Furthermore, in order to consider the decomposition of the matrix rock, certain lithological groups were 

212 assigned a weathering grade according to ISMR (1981) classification [32], where: grade (I) Unweathered rock 

213 mass (no visible sign of decomposition or discoloration); grade (II) Slightly weathered rock mass (slight 

214 discoloration inwards from open fractures; discontinuity may be somewhat weaker externally than in its fresh 

215 condition); and grade (III) Moderately weathered rock mass (less than half of the rock mass is decomposed to 

216 a soil; weaker minerals discomposed; strength somewhat less than fresh rock but cores cannot be broken by 

217 hand or scraped by knife).

218

219 Table 4

220 Reference values for construction purposes of the main characteristics of the different volcanic 

221 aggregate lithotypes studied in this research. Results averaged for all the fractions in each 

222 lithotype.

ρrd (g/cm3) WA24 (%) FI (%) Cc (%) MDE LA SF (%) SE10 (%)Lithotype
(See Table 1)

N Mean Sd N Mean Sd N Mean Sd N Mean Sd N Mean Sd N Mean Sd N Mean Sd N Mean Sd

B-OP-M (I) 52 2.80 0.20 62 2.88 1.68 22 16 7 16 87 8 16 22 2 34 17 6 11 28 6 14 75 13

B-OP-M (III) 24 2.49 0.09 24 6.39 1.63 3 7 1 28 60 7 11 32 4

B-OP-V (I) 59 2.45 0.42 59 8.7 10.9 32 6 4 26 56 15 43 20 8 28 28 7 17 49 26 22 76 12

B-A-M (I) 21 2.56 0.20 12 3.54 2.69 17 7 2 13 83 20 6 14 7 8 75 7

B-S (III) 30 2.39 0.39 30 9 5 10 3 1 5 52 21 16 45 12 9 46 7 8 17 3 10 97 1

TB 2 2.68 0.02 2 2.72 0.49 2 33 16

T 3 2.50 0.12 3 2.50 0.85 2 82 0 1 77 4 32 12

P 69 2.55 0.11 71 2 1 40 21 8 12 72 13 22 11 6 34 18 7 8 24 1 20 77 8

I-W (greenish) 4 36 9

I-NW (Pumice) 7 1.42 0.11 7 28 5 14 76 3 10 39 9 6 55 6

L-NC (Black) 45 1.48 0.38 41 20 9 10 3 1 5 65 21 16 46 17 8 39 9 8 12 1 10 99 2

L-NC (Red) 27 1.79 0.52 27 20 10 9 3 2 4 72 10 16 42 16 7 35 3 8 15 1 10 93 4

Total number of 
samples tested 339 338 143 83 172 157 66 94

(ρrd) Particle density [dry]; (WA24) Water absorption of particles after 24 h [EN 1097-6]; (FI) Flakiness index [EN 933-3]; (Cc) Percentage 
of particles with more than 50% of their surface crushed or broken [EN 933-5]; (MDE) Micro-Deval coefficient [EN 1097-1]; (LA) Los-
Angeles coefficient [EN 1097-2]; (SF) Sand Friability [UNE 83-115-89]; (SE10) Sand Equivalent [EN 933-8]; (N) Number of samples 
tested; (Mean) Average value; (Sd) Standard deviation; (I, II, III) Weathering grade according to ISMR (1981) [32].
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224 Table 5 summarises the reference values of the tested properties in the cores from different volcanic rock 

225 lithotypes, including the weathering grades.

226

227 Table 5

228 Reference values of the main characteristics of the different volcanic rock lithotypes studied in 

229 this research. Results averaged for all the samples in each lithotype.

ρb (g/cm3) UCS (MPa)Lithotype
(See Table 1) N Mean Sd N Mean Sd

B-OP-M (I) 86 3,16 0,07 20 124,67 32,75

B-OP-M (III) 44 2,72 0,11 7 39,21 18,78

B-OP-V (I) 105 2.58 0.16 29 36.63 30.06

B-OP-V (II) 42 2.26 0.21 5 8.70 2.19

B-A-M (I) 8 2.96 0.11 7 110.57 55.95

B-A-M (II) 2 2.64 0.32 1 130.27 -

B-A-V (II) 3 2.42 0.08 2 26.76 1.43

B-PL-M (I) 2 2.97 0.07 1 122.71 -

B-S (I) 2 65.08 80.92

B-S (III) 34 2.39 0.09 10 18.30 6.63

TB 2 2.21 0.44 2 60.98 57.06

T 3 2.35 0.06 3 79.49 38.82

P 6 2.37 0.23 24 126.51 69.08

I-W (greenish) 9 2.49 0.06 13 52.71 25.86

I-W (beige) 3 2.19 0.12 3 19.62 6.50

I-W (red ochre) 23 1.88 0.20 3 7.67 3.79

I-W (green) 58 2.36 0.02 14 81.06 25.55

I-NW (orange) (II) 42 2.02 0.03 34 20.27 6.69

I-NW (Pumice) 3 1.52 0.46 7 18.51 21.97

L-C (Black) 102 1.64 0.28 14 20.76 7.12

L-C (Red) 66 1.44 0.05 16 6.84 1.76
Total number of 
samples tested

643 217

(ρb) Bulk density [EN-1936]; (UCS) Uniaxial compression strength 
[EN-1926]; (N) Number of samples tested; (Mean) Average value; 
(Sd) Standard deviation; (I, II, III) Weathering grade according to 
ISMR (1981) [32].
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231 4. DISCUSSION

232 Prior to the establishment of correlations among the different aggregate properties, each one has been 

233 correlated with the density of each grading fraction separately. In this way, the influence due to the density-

234 porosity change among fractions has been assessed. As a reference the particle density [dry] (ρrd) was used, 

235 except for the finest fraction (0-4 mm); in this case the apparent particle density (ρa) was employed. In this 

236 manner, the measurement of the density of the saturated particles with the dry surface (ρssd) was avoided when 

237 using the pycnometer method for 0-4 mm fraction, as this determination could be subjective due to the small 

238 size of the particles.

239 4.1. Aggregate volumetric properties

240 Fig. 3 shows the average values of the apparent particle density (ρa) and the particle density [dry] (ρrd) 

241 depending on the lithotype; these values have been classified by increasing ρrd. The differences between both 

242 densities are significant in the case of the pyroclastic (L-NC, I-NW) and vesicular aggregates (B-S, B-OP-V), 

243 although in all cases ρa was above ρrd. This difference is attributable to the water absorption percentage after 

244 24 hours (WA24), very low in the case of the aggregates obtained from massive lava (P, B-A-M, TB, B-OP-M) 

245 but very high in the case of pyroclastic and vesicular aggregates.
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247 Fig. 3. Apparent particle density (ρa) and particle density [dry] (ρrd). Reference values for 

248 the different lithotypes of volcanic aggregates.
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249

250 Fig. 4 shows the WA24, that can be assimilated to the porosity of the aggregate, with regard to the ρrd. In this 

251 graph, three large lithological groups can be distinguished as mentioned before in Ref. [2]: a) pyroclastic 

252 aggregates, of low density and very high porosity; b) vesicular aggregates, situated in the intermediate zone 

253 (medium-high density and medium-high porosity); and c) massive aggregates of high density and low 

254 porosity. As the ρrd increases the WA24 becomes lower. The non-lineal regression model is good (R2 = 0.92) 

255 despite the fact that the results show broad statistical dispersion in the high part of the fitting line. This broad 

256 spread is related to the heterogeneity of the materials under study and particularly the pyroclasts whose 

257 variability in WA24 (Standard deviation, Sd = 9-10%) is determined by the high content of voids, the 

258 polymictic character and the chaotic structure with a cluster like form.

259
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261 Fig. 4. Water absorption (WA24) vs. particle density [dry] (ρrd) of the aggregate. (M) 

262 Massive lithotypes; (V) Vesicular coherent lithotypes; (Py) Pyroclastic lithotypes.

263

264 4.2. Aggregate geometric properties

265 Fig. 5 analyses the relation between the aggregate particle density [dry] (ρrd) and its geometrical properties: 

266 flakiness index (FI) and percentage of crushed and broken surfaces (Cc). Higher values of FI (FI > 20) denote 
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267 materials with a high proportion of flaky particles (Fig. 5.A). Although it is not possible to establish a 

268 tendency line due to the heterogeneity of the volcanic material, certain lithotypes —especially the pyroclastic, 

269 scoriaceous and vesicular lithotypes— do comply with road technical specifications [29-31]. As for the low 

270 values of Cc (Fig. 5.B), these denote a lower content of crushed particles and a higher content of rounded 

271 particles, and do not comply with specifications. In this sense, the presence of material with a high FI will 

272 favour the appearance of fractures and settlings both in filling structures (embankments, unbound granular 

273 layers) as well as in asphalt mixtures and cement concrete structures. This fact is associated with local 

274 structure collapse and is due to the fact that the particles with this flake-like shape break more easily during 

275 compaction and even under traffic loads. Consequently, the grading modifications of the aggregate size, 

276 together with the dynamic traffic loads could possibly cause vertical settling in the road structure and increase 

277 compactability.

278
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280 Fig. 5. Aggregate geometric properties vs. particle density [dry] (ρrd): A) Flakiness index 

281 (FI); B) Percentages of crushed and broken surfaces (Cc). (The horizontal dotted lines 

282 represent limit values specified for road pavement construction [29]).
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284 Fig. 5.A shows how the less dense aggregates such as pyroclastic (L-NC), scoriaceous (B-S) and vesicular (B-

285 OP-V), present a lower content of particles with flaky shape (FI) compared to the massive (P, B-OP-M). Fig. 
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287 recommended limits. Some examples of these limits defined by different road specifications are as follows: 

288 USA (FHWA): FI ≤ 10%, Cc ≥ 75-90% [30]; UK: FI ≤ 25% [31]; Spain: FI ≤ 20-30%, Cc ≥ 70-100%, 

289 depending on the heavy traffic category [29]).

290 These two characteristics (FI and Cc) are related to the structure of the source rock; that is the spatial 

291 distribution of its components (minerals and voids). The massive lithotypes come from effusive volcanic 

292 eruptions and have weak parallel planes. This anisotropic structure determines the aggregate angularity. By 

293 contrast, the pyroclastic and vesicular lithotypes come from explosive eruptions characterized by a superior 

294 abundance of gases [33]. These conditions give the fragments an isotropic structure and condition the cracking 

295 geometry during the rock grinding process. The surfaces with a higher percentage of pores are the first to 

296 break. This determines the formation of warped fracture surfaces, and consequently rounded particles. The 

297 degree of roundness is directly related to the percentage of gaseous fraction in the lava. This is the case of 

298 non-welded ignimbrites (I-NW) and pyroclasts (L-NC).

299 Previous studies [34] have also shown that aggregate shape properties are affected by the type of crusher used 

300 in the aggregate crushing plants. In this sense, since most of the samples were obtained using jaw crushers, 

301 this may explain the high values of FI obtained for some hard rock lithotypes such us phonolites (P) or 

302 massive basalts (B-OP-M).

303 Fig. 6 allows the analysis of the sand content of the fine fraction (0-4 mm). This graph compares the apparent 

304 particle density (ρa) of the fine aggregate to the sand equivalent (SE10). The specified limits defined by 

305 different road specifications are: USA-FHWA: SE10 ≥ 45% [30]; Spain: SE10 > 45-55% [29]).

306 In general terms, the percentage of the finest particles # < 0.08 mm (inverse of SE10) increases with the 

307 massive character of the material. A priori, a higher proportion of the finest particles would be expected in the 

308 more porous materials, but the results show the opposite. This may be explained because the pyroclasts and 

309 the scoriaceous aggregates tested (L-NC, B-S) are natural aggregates that have not undergone mechanical 

310 grinding and would confirm the findings at the quarries: grinding generates waste dust that gathers in the fine 

311 fraction. Furthermore, the percentage of the finest fraction may be enriched due to winds at the quarry. These 
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312 observations suggest that SE10 also depends on the aggregate production more than the intrinsic properties of 

313 the source rock.
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316 Fig. 6. Sand equivalent (SE10) vs. apparent particle density (ρa) of the aggregate. (The 

317 horizontal dotted line represents a specified limit for road pavement construction [29]).

318

319 4.3. Aggregate mechanical performance properties

320 The aggregate resistance analysis focused on the parameters that quantify the wear caused by fragmentation 

321 and abrasion: Los-Angeles (LA), Micro-Deval (MDE) and sand friability (SF) coefficients. Indexes above 50 

322 correspond to bad quality aggregates which are not suited for road paving. Coefficients below 20 or 30 

323 correspond to resistant aggregates suitable for any application and in particular for bituminous surfaces that 

324 support heavy traffic [29-31].

325 Fig. 7.A shows the relation between the particle density [dry] (ρrd) of the aggregate and the resistance to 

326 fragmentation, expressed by the LA coefficient of the aggregate coarsest fractions (10-20 y 4-10 mm). Fig. 

327 7.B presents the relation between (ρrd) and the resistance to wear, expressed by the MDE coefficient. 

328 It may be noticed that LA and MDE decrease as ρrd increases. In both cases, the aggregates from massive 

329 materials (B-OP-M, P) offer similar values, except for the samples obtained from the more weathered rocks 
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330 (B-OP-M (III)), which provide results similar to those obtained from pyroclastic materials. The values of the 

331 massive aggregates (B-OP-M, B-A-M, P) comply with road specifications. The recommended limits defined 

332 by different road technical specifications are as follows: USA (FHWA): LA ≤ 35 [30]; UK: LA ≤ 30-35; [31]; 

333 Spain: LA ≤ 20-25; MDE ≤ 20-25, depending on the heavy traffic category and type of road layer [29]).

334 Regarding the scoriaceous and pyroclastic aggregates (B-S, I-NW, L-NC), these offer highly disperse results 

335 with very high LA and MDE coefficients in some cases (Table 4). The aggregates from vesicular lava (B-OP-

336 V) can be placed in an intermediate position. They present some dispersion in the results but do comply with 

337 technical specifications in certain cases. This suggests that the mechanical behaviour of the B-OP-V would 

338 improve with the addition of polymers such as rubber as these will fill the pores and lend consistency to the 

339 material, as has been demonstrated in a previous study [2]. In this sense, powder additions should be used so 

340 that the polymer grading is smaller than the average pore size of the aggregate (2-8 mm).

341 These results are in accordance with the satisfactory statistical correlation offered by LA coefficient with 

342 some aggregate properties (water absorption, density and porosity) previously reported by some reference 

343 [35].
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346 Fig. 7. Aggregate strength properties vs. particle density [dry] (ρrd): A) Los-Angeles 

347 coefficient (LA); B) Micro-Deval coefficient (MDE). (The horizontal dotted lines represent 

348 limit values specified for road pavement construction [29]).
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349

350 Determination of the resistance to fragmentation of the fine aggregate (0-4 mm) was based on the sand 

351 friability coefficient (SF). Fig. 8 shows how the SF coefficient decreases as the apparent particle density (ρa) 

352 of the aggregate increases. In this figure a limit value defined by certain road specifications is also shown (SF 

353 < 20% [29]).

354 The massive materials (B-OP-M, P) offer similar values (SF > 20), meanwhile the vesicular materials (B-OP-

355 V) present a high level of dispersion (Table 4). Generally speaking, friability depends on the lithotype 

356 mineralogy and do not on the porosity as observed in the rest of properties. Materials with a higher iron 

357 content seems to show a higher resistance to wear. Nevertheless, the pyroclasts (L-NC) and the aggregates 

358 obtained from scoriaceous basaltic lava (B-S) offer a much lower SF than expected. This may be explained by 

359 the low density and floatability of the lapilli and thus, during the spinning process in the test, the lighter 

360 particles would be in suspension. This would reduce the time that the aggregate remains at the bottom of the 

361 drum, and consequently reduce the period of contact between the aggregate and the abrasive load during the 

362 test, and as a result resistance to friability would be higher.

363
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365 Fig. 8. Sand friability (SF) vs. apparent particle density (ρa) of the aggregate. (The 

366 horizontal dotted line represents a specified limit for road pavement construction [29]).
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367

368 4.4. Rock properties

369 Fig. 9 represents the relation between rock bulk density (ρb) and uniaxial compression strength (UCS). The 

370 fitted line shows how the UCS increases with the ρb. In other words, the less porous the rock structure, the 

371 more resistant it will be.
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374 Fig. 9. Uniaxial compression strength (UCS) vs. bulk density (ρb) of the rock. (M) Massive 

375 lithotypes; (V) Vesicular lithotypes; (Py) Pyroclastic lithotypes.

376
377 Fig. 9 also shows the high dispersion of UCS values presented by the lithotypes with densities around 2.3-2.5 

378 g/cm3. The variability observed seems to be related to various factors: rock structure, percentage of silica, and 

379 state of alteration. A vesicular structure offers less resistance compared to a massive structure due to the 

380 presence of voids that lead to cracking propagation and consequently to breaking. Generally, siliceous 

381 volcanic rocks tend to form a fine texture due to the high viscosity of magma, which results in fine-grained 

382 minerals with a large specific surface of bonding, and thus favouring high strength. However, chemical 

383 stability of volcanic rocks against alteration is not unequivocally determined by their chemical composition, 

384 but it is also related to the geologic age. A low alterability determines a higher rock resistance and stability in 

385 the medium and long term.
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386 4.5. Relation between the properties of the volcanic aggregates and the matrix rock

387 Fig. 10 shows the relation between the intrinsic properties of the aggregate and the original rock. The 

388 aggregate particle density [dry] (ρrd) is a direct consequence of the rock bulk density (ρb). The function 

389 presents a reasonable setting (R2 = 0.76), taking into account the dispersion of the results in the lower and mid 

390 part of the line. The dispersion for the lower densities is due to the heterogeneity of the pyroclasts (I-NW, L-

391 C), the high void content (Fig. 4) and the mineralogical variability (salic, mafic). The dispersion in the mid-

392 range of the function (ρb ≈ 2.3-2.5 g/cm3) is related to the increase in porosity as the aggregate becomes 

393 smaller, at least in the case of coarse fractions (4-10 mm and 10-20 mm). This fact is a consequence of the 

394 increase of micro-cracking during the grinding process. The hypothesis is consistent with the petrographic 

395 observations of metamorphic aggregates in Ref. [36].
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398 Fig. 10. Aggregate particle density [dry] (ρrd) vs. rock bulk density (ρb).

399
400 Fig. 11 shows the relation between the resistance to fragmentation of the aggregate and the rock strength. It 

401 relates the Los-Angeles coefficient (LA) of the aggregates with the uniaxial compression strength (UCS) of 

402 the matrix rock. The UCS value increases as the LA decreases, which results in a higher aggregate resistance. 

403 The fact that the two resistances (to fragmentation and to compression) show a direct correlation suggests that 

404 both depend on the same intrinsic property: density. Nevertheless, it must be taken into account that the load 
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405 applied during the LA test is multiple, dynamic and punctual and that in the uniaxial compression test a static 

406 and uniformly distributed load is applied. This observation suggests the existence of other determining 

407 properties such as the elastic modulus.
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410 Fig. 11. Los-Angeles coefficient (LA) of the aggregate particles vs. uniaxial compression 

411 strength (UCS) of the source rock. (M) Massive lithotypes; (V) Vesicular lithotypes; (Py) 

412 Pyroclastic lithotypes.

413

414 5. CONCLUSIONS

415 From the analysis of the results of this experimental study the following conclusions may be drawn:

416 • Volcanic aggregates for engineering purposes may be classified for practical reasons in three extensive 

417 groups according to density, porosity (absorption) and resistance: massive, vesicular and pyroclastic. This 

418 simple classification allows users to take immediate decisions regarding possible construction applications 

419 depending on the volcanic aggregate available; and simplifying the much more complex geological 

420 classifications.
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421 • The high statistical dispersion of the results shows the heterogeneity of the volcanic aggregates and in 

422 particular the pyroclasts. This variability is associated with both the geology and the production process of 

423 the aggregate. Among the geological factors the following are noteworthy: the geochemistry of the magma, 

424 the explosiveness of the volcanic eruptions and the random and discontinuous character of the spatial 

425 distribution of lava flows.

426 • The resistance of the volcanic aggregates is directly related to the mineralogy, porosity and grade of 

427 alteration of the source rock, and possibly with the elasticity modulus of the material. Furthermore, as the 

428 porosity increases so does the variability of the mechanical behaviour. This is particularly significant in the 

429 case of the pyroclasts.

430 • There is a relation between the intrinsic and mechanical properties of the original volcanic rock and the 

431 resulting aggregate. It is possible to estimate the aggregate LA coefficient from the rock UCS, as well as the 

432 aggregate particle density if the rock bulk density is known.

433 • The massive volcanic aggregates offer excellent resistance properties with high durability for road and 

434 airport paving, due to the high density and low porosity. However, certain lithotypes may present a flakiness 

435 index above the recommended limits established in the standard specifications.

436 • The vesicular and scoriaceous aggregates present high porosity associated with the high speed 

437 decompression and cooling of the lava flows. This determines a high absorption, rounded particle geometry 

438 with reduced percentage of crushed and broken surfaces, and susceptibility to weathering damage. For this 

439 reason, it would be advisable to limit their use to materials for base and subbase layers.

440 • The pyroclastic aggregates are only recommended for use as permeable subbases and subgrades, permeable 

441 low-weight fillings or in non-structural light concrete, due to the low density, high porosity and limited 

442 resistance to fragmentation although they offer excellent drainage capacity.

443 The use of local volcanic aggregates is a logistic and economic necessity especially in volcanic regions that 

444 are environmentally protected or in countries with limited technical and economic resources. Even the 

445 abundant vesicular and scoriaceous aggregates, generally considered marginal, can provide adequate quality 
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446 and performance for certain construction applications and therefore could contribute to the development of 

447 these areas and provide sustainable natural materials. For sustainable utilization of volcanic aggregates for 

448 cement concrete, additional chemical testing (stability, long-term durability) would be necessary.

449
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