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PREFACE

The present study is based on the laboratory investigation of aggregates used for
road surfacing during the years 1961—1968 in Finland. The material consists of
macadam, taken from bedrock by blasting, and gravel, taken from stony gravel
deposits. All the material was granulated in field crushing plants.

The laboratory work was done in the Central Laboratory of the National Board
of Public Roads and Waterways of Finland by numerous laboratory assistants, who
all deserve special thanks for their excellent work. The statistical treatment was done
by Miss K. Tainio, Ph. M., and Mr. J. Kokkila, Civ. E.. The thin sections of the
rocks were made by Mr. N. Massinen and they were studied microscopically by Mr.
J. Pekkarinen, Ph. M. . The drawings were done by Mrs. R. Tapanainen and the
photos taken by Mr. E. Halme. The author’s original English manuscript was cor-
rected by Mr. P. Sjoblom, M. A.. I want to express my warmest thanks to them all
for their good assistance.

Professors J. Donner, A. Mikkola and V. Okko have kindly read the manuscript
and given valuable advice regarding the treatment and presentation of the results.
Professor U. Soveri, my former chief and former head of the Soil Investigation Bureau
of the National Board of Public Roads and Waterways, followed the investigation
with keen interest and on innumerable occasions discussed the problems of aggregate
strength and its geographical distribution. He also made the arrangements necessary
to perform the special tests of aggregates in the Road Laboratory of the Institute of
Technical Research. I appreciate, moreover, the various opportunities offered me to
discuss these problems with my Scandinavian colleagues, notably Mr. A. Grenhaug,
M.S. (Norway), and Mr. P. Hobeda, M.S. (Sweden), while participating in the
work of the Stone Material Committee of the Interscandinavian Road Union. I am
deeply grateful to all those mentioned for their most valuable help.

I also wish to express my gratitude to Professor Herman Stigzelius, Director of
the Geological Survey of Finland, for accepting my manuscript for publication in
the series Bulletin de la Commission Géologique de Finlande.

I wish to acknowledge the grant given me by the National Board of Public Roads
and Waterways of Finland and the permission to use the material collected. And
I am indebted to the Institute of Technology for letting me use its data computers
as well as to the Foundation for the Investigation of Natural Resources in Finland
for the material assistance which enabled me to carry out the study.

Tampere, April 1970 Kalevi Kanranne
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This study deals with the abrasion resistance and impact strength of gravel and
bedrock used as aggregates in road surfacing in Finland. The material consists of 1 747
samples of crushed gravel and 916 samples of macadam. The strength is deter-
mined by Los Angles abrasion and Swedish impact tests.

The mineralogical and textural factors affecting the abrasion and impact resistance
of rocks are analyzed. The petrological, tectonical and other geological circumstances
attending the geographical distribution of the strength of stones are reviewed.

According to the statistical analysis of aggregate investigation results, rocks with
a high feldspar content, large grain size and high degree of porosity, isometric rounded
grains and a low specific gravity are weak. Rocks with a high mica content, high specific
gravity, small grain size and elongated angular grains are tough.

The toughest gravel is found in areas of basic, heavy bedrock and the weakest
gravel in areas of acid, light bedrock. Also in areas of heavily faulted bedrock, the
gravel is weaker than average. The strength anomalies are generally elongated, run-
ning northwest-southeast in line with the Pleistocene transport of glacial debris.
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INTRODUCTION

After World War II, the Soil Research Bureau of the National Board of Public
Roads and Waterways undertook a large-scale investigation of road surfaces and
their constituents, which gradually gained momentum in about 1950. This work was
raised to the level of routine control of all the materials and products in 1960, when
the Central Laboratory was built.

At the very beginning of the aggregate testing, it was observed that there were
great differences in strength, owing to the mineralogical and textural properties of
the material as well as to the region where the material was taken from. The data
for the present investigation of the various factors of rock strength was collected by
the routine aggregate studies during the years 1961—1968 and it consists of 1 747
gravel and 916 rock samples, all granulated in field crushing plants.

According to the Finnish specifications for aggregate of the bituminous surfacings
the strength must be determined by the following two methods (RIL 1968): the Los
Angeles abrasion test (ASTM C 131—55) and the Swedish impact test (Hobeda
1966). In both a limited grain-size fraction of aggregate is tested. The result obtained
and the accuracy of the test depends on many factors, mainly grain size and particle
form of the aggregate (Kauranne 1970). Therefore in the present study only the
results of the B grading (@ 9.6 to 19 mm) of the Los Angeles test and the 8—11.3 mm
fraction with a flakiness of 1.4 of the Swedish impact test have been accepted. Particle
form has been determined as two axis relations: elongation (length: thickness = c:a)
and flakiness (width : thickness = b:a).

The abrasion resistance and brittleness of aggregate determined by the afore-
mentioned tests are not specific and independent measures of rock strength (Hobeda
1969), for they both measure partly the same properties, depend on the same factors
of rock and also on many other factors described by the author (Kauranne 1970) in
the first part of the aggregate investigation. Because of these methods of rock strength
investigation are standardized and widely used it may be permitted to use them in
comparing the Finnish aggregates and in examination the strength of petrologically
different rocks and samples from different areas.

Geologically, Finland consists of Quaternary drift and underlying Precambrian
bedrock. The crystalline formations of bedrock may be grouped in two main cate-
gories: the metamorphic rocks with preferred mineral orientation of the Svecofennian
and Karelian belts and the igneous rocks without preferred mineral orientation, see
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Frc. 1. Pre-Quaternary rocks of Finland, Simonen (1964) 1 = diabase, 2 — rapakivi,

3 = Paleozoic schists, 4 = siltstone and sandstone, 5 — granite, 6 = diorite, 7 =

gabbro, 8 — amphibolite, 9 = quartzite, 10 = mica schist and phyllite, 11 = mica
gneiss, 12 = quartz-feldspar schist, 13 — granulite, 14 = granite gneiss

Fig. 1 (Simonen 1960). The siltstones in the vicinity of the city Oulu and the sand-

stones in southwestern Finland are the largest formations of sedimentary rocks met
with in our country.
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The metamorphic complex of southern and western Finland is characterized by
the predominance of mica schists and mica gneisses (together about 80 9%, of the total
amount of the schists according to Simonen 1964) whereas the metamorphic complex
of eastern and northern Finland is characterized by phyllites and mica schists (about
45 9,), quartzites (26 9,) and amphibolites (25 %,). The large occurrences of granite
gneiss in Karelia and granulite in Lapland may be mentioned separately. The schists
of southern Finland are intensively folded, intersected by siliceous intrusions and
partly migmatitized. The schists of eastern Finland are gently folded and tectonized.

The orogenic intrusives of southern, western and middle parts of Finland consist
mainly of quartz-diorites and granodiorites (57 9,) and granites (38 9,) whereas in
eastern and northern Finland the relation between granites and diorites is 73 9, to
24 %, (Simonen 1964). The largest anorogenic plutonites are met with in south Fin-
land, the largest of them, rapakivi, occurring at the south-eastern border of the
country as coarse ovoidal grained variety, called viborgite.

The crystalline bedrock has been the object of different stresses wnich have caused
shear and fault lines cutting the bedrock into a mosaic-like pattern (Hirme 1961).
These tectonic lines are mainly orientated in southwest — northeast and northwest —
southeast directions, see Fig. 2 (Mikkola and Niini 1968). The latter zones, especially
have been exarated by the advancing Pleistocene glaciers to wvalleys cutting the
relatively level bedrock surface.

The Quaternary minerogenic deposits consist mainly of glacial till, see Fig. 3
(Okko 1967) but also stratified drift, in ice marginal and redial deposits, is met with
through the entire country, whereas the varved glacial and homogenous postglacial
sediments occur only in areas formerly submerged by various stages of Baltic Sea,
Donner (1965).

The radial eskers mainly trend towards northwest, whereas the ice marginal
deposits run perpendicular to them. These deposits form the source of crushed gravel
used as aggregate. The dimension of these formations, the degree of sorting and the
grain size of the material differ greatly. The coarsest material is usually found in
basal middle parts of the radial eskers and also on surface in ancient shoreline for-
mations. According to Okko (1967) the glacial abrasion was strongest at clevated
(hard, erosion resistant) portions of the bedrock. Therefore the composition of the
material of glacial till and still more that of the eskers differs from the average petro-
logical composition of the bedrock.

The material of the eskers was subject at least to two transports, first as glacial
till carried by the ice, then as drift washed, ground, sorted and deposited by the
meltwater streams. The soft and broken rocks were ground to fine debris whereas the
hard and intact ones were enriched to the coarser fractions of the drift. The material
of the eskers thus has been subject to double entiching of tough rocks.

The direction of both transports in average was towards southeast although local
variations may have occurred. The source of the esker material should thus be situated
northwest from the deposit. The distance of transport varied also according to local

2 10605—70
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Fi1c. 3. The minerogenic Quaternary deposits of Finland, Okko (1960)
1 = glacial till, 2 = radial and marginal eskers, 3 = sand, 4 = clay and
silt, 5 = barren mountains.

topography and other factors affecting the movement of glacial ice and the streams
of meltwater. These problems have been studied by many workers, referred later
(page 55) to, according to Virkkala (1958) the main part of glacial till has not been
transported over 3 km and the material of eskers has been transported about 4 km

farther (Hellaakoski 1930).
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I &% GRAVEL SAMPLES

Fic. 4. Gravel sample sites.

The purpose of this study was to determine the effect of mineralogical, textural
and other geological variables on aggregate strength, and the factors affecting regional
strength variations in bedrock and gravel. The investigation was made using samples
of bedrock and gravel crushed in field crushing plants for road making aggregates.
The material should be homogenous enough for objective examination of the obtained
relative strength values. The samples form a sparse net covering the entire Finland
except for Lapland from where so few samples were obtained that it was left outside
of a part of this study. The gravel sampling sites are shown in Fig. 4 and the sampling
net reflects both the road network and the situation of the eskers.
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The investigation methods consisted of the tests mentioned in the beginning and a
microscopical study of 40 extremely tough or weak varieties of the commonest rock
types. Because of the inaccuracy of the test methods used the results were treated
statistically to achieve as reliable conclusions as possible.

PROPERTIES OF DIFFERENT ROCK TYPES

Samples of crushed gravel usually consist of very many rock types. Samples of
macadam are petrologically more homogeneous. The following description of rock
properties is based solely on the macadam samples studied. All the samples that
showed some signs of weathering, the effects of blasting or other destructive phe-
nomena were discarded. The material discussed consists of 482 samples. The different
properties, given in tables, and their determination are described in the first part of
this study (Kauranne 1970).

Igneous rocks without preferred mineral orientation

Pegmatite

Pegmatite is usually avoided when choosing material for road aggregate because
it is known to be brittle; therefore there are only 9 samples in the study. The mean

test results of pegmatite macadam from various districts of Finland is presented in
Table 1.

TABLE 1

Mean properties of pegmatite macadam (9 samples) and their standard deviations

arithmetic standard

mean deviation

specific gravity ........... .. 2.63 0.03
Los Angeles value «.coussoswmmess s o s vims o oo 34.8 4.59
Swedish impact valie s wsssessmeissmmassssmmes s 69.0 8.48
flakiness .. ... 1.44 0.18
elongation ;. wwees s owmsesssmerss s mmess s swwes s o 2.48 0.28
grain-size index (MM) ssoumaossssnmesssomeanssas 4.67 (14.0) 0.50
QUALTZ %) ettt e s 39.9 —
Feldspar U4 snwsscssmmesssmomass smmws s s s g s s 54.8 -
PG Y5 ssnemass S5mEos 6 Basss Smey s amsd g s o 5.3 —
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Rapakivi

Rapakivi is a coatse or large-grained rock type, too. There are two areas in Finland
where the bedrock consists solely of rapakivi, the southeastern and southwestern
patts of the country, where this weak material must be accepted as aggregate for sur-
facing.

The distribution of strength properties is presented in Fig. 5 and the linear re-
gressions in Fig. 6 (p. 20 and p. 21).

TABLE 2

Mean properties of rapakivi macadam (74 samples)

arithmetic standard

mean deviation

SPECIHCELAVILY 5o v soomusas e 7 & sme § § 6We ¥ 5 55 08 2.67 0.04
Los Angeles value ............ . ... i 29,9 3.40
Swedish impact value vz vwmass s sume s s oo s § vews 60.5 7.39
HAKITIESS - o imme s smmassamas o5 Mapa § 5 BRHE 5 § 5598 1.38 0.12
elongation . ...... ..o 2.54 0.24
grainssize index/((mm) s s swey s s wmnm s s pwen s 0 v 4.307 (10.0) 1.04
OB Yl o5 15 wwis 935 Mbei b s 5 5908 § 5 5 BAsens £ 5 B 58000 1 5 45 2 372 4.54
feldspar % oo 53.3 2.30
IOTCH U5/ ios v 5 mmmm o 5 8 5000 5 9 6 5 R & & B RIS £ 5 B WHE 5 6 3 § G 9.5 6.86

G'ranites

According to Simonen (1964), the amount of granites among other intrusives in
the bedrock of southern, western and middle parts of Finland is 37.6 9, while in the
eastern and northern parts (including Lapland) the amount is 73.1 9.

The mean Los Angeles value for the granites of U.S.A. is 38 and for Hungary 33
(Temme 1965).

Some of the gray granites show a faint orientation of the mica, but this seems to
have no effects on the shape of the particles in the macadam. The distribution of the
strength properties is presented in Fig. 5 and the linear regressions in Fig. 6. The
mean strength values of red and gray granites are almost the same only the standard
deviations are greater in the latter group. The results show that the color of feldspar
is no sign of different textural properties.

TaABLE 3

Mean properties of red granite macadam (88 samples)

arithmetic standard

mean deviation

specific Gravity . ...t 2.66 0.04
Los Angeles walte: : ;uws ¢ 5 s swn s 5 omiem ¢ & spm ¢ 8 5 3w 24.9 4.19
Swedish impact value . ........ ... ... ... ... ... 55,9 9.72
flakiness .. ... ... i 1.44 012
Clongation! . s e s 5 o swa & 5 s 5 5 5owE e 5 8 86 E 8 5 2.60 0.38
grain-size index (mm) . .......... ..., 3.26 (1.7) 0.62
GUATEZI Y, v o« » wonermn < o crowos « 5 o s 5 5 6o 5 5 3 winss & s v 36.5 4.70
feldspar O, o uumwsss wmmonssosmmmesss s sss woes s on 52,1 4.14
PO U6 95 5 5 50im i 8 5 2Eiasl » & umneom & = o fpsora: o # 2 s = & 3 10.1 7.93
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TABLE 4

Mean properties of gray granite macadam (72 samples)

arithmetic standard

mean deviation

Specifici@ravity o o s s oo 3 siom ¢ § 55006 2 5 8 D SIS £ 5 5 2.69 0.04
Los Angeles value ............ ... ... .......... 25.9 5.97
Swedish impact value . ........... ... ... .. ... 52,6 11.76
Hakiness: :: czmwmsns s smme s s smomm be s v a6 & § S@a s s wi 139 0.09
eloNGation ... .....uiiii 2.47 0.31
grainzsize index {mm) .vov o s soms &1 v 5 5 5 v < 8 s 3.45 (2.0) 0.54
QUALLZ'YS: o s on g s wEas 5 3 BWTE £ 5 6 0098 5 5 B § § B 38.2 3.64
feldspar 9% ..o 53.3 2.41
THCAS Ty o v 5 ponm § @ iy ¥ 5 0B & ¢ 3 HSIETE B 4 T B § 4 8.1 5.20

Diorite

This group contains all the varieties of diorite. These rocks occur as comparatively
large massifs in central Finland, but are found in other parts of the country, too. The
proportion of granodiorites and quartz-diorites among other intrusive rocks in the
southern, western and middle parts of Finland is 56.5 %,, according to Simonen
(1964) while in the eastern and northern parts it is 23.6 %,.

Some of the diorite massifs near Jyviskyld have a 0.5 m thick, weathered mantle
on the surface. Samples containing such weathered material have been discarded
from the calculations.

TABLE 5

Mean properties of diorite macadam (39 samples)

arithmetic standard
mean deviation
BPECIHCE FIATICT & o iivi o 5 fltinss £ 5 o Goboiim » 5 usashe o 8 3 brsman o 6 2.75 0.07
Los Angeles value ........ ... ... .. ... 23.8 5.86
Swedish, ftpact walue o ssmmsess swwe s ssmmass sswmes 47.2 10.87
flakiness ... e 1.39 0.08
CloNPATION s 5 < wesss s 5 3 5 wimw g » 5 wpwrss § & e 5§ @ v s 2.68 0.52
prain-sizedndes (M) : s vomea s s smisss s smmn s 25 amwss 3.19 (1.5) 0.47
QUALEZ U ottt et et et e e e 29.5 7.81
feldspat U5 e s s ssmm s o s w5 § o s swmki 5 g § g 3 56.8 4,05
OICH U5 . crvs w55 00155 53 mnin & § Ralfid 7 5 Sousien a8 5§ FEE 10.9 11.1

Guabbro

This group consists of all the gabbroic igneous rock types being studied in the
laboratory from various parts of Finland. The proportion of such basic rocks, accord-
ing to Simonen, is in the southern, western and middle parts of Finland 5.9 9, and
in the eastern and northern parts 3.3 9.

Basic massives in Finland are usually very small in size and therefore the variation
in properties is apt to be great. The distribution of the strength properties is presented
in Fig. 5. According to Temme (1965), the mean Los Angeles value for gabbros of
the U.S.A. is 18.
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TABLE 6

Mean properties of gabbro macadam (25 samples)

arithmetic standard

mean deviation

SPECHE BEAVIEY s umoives v ¢ simew o 6 siam s v wmmia 5w et v s 2.88 0.07
Lios Angeles valie o s« swws w5 2a.05s s s pmpas s s ameass 23.8 3.35
Swedish impact value ... ouvrniiiireeriinonaas 49.5 9.72
FAIEIEES! s 56 isins s 35w &3 SRR % BSEE 6 &S 5w 1.43 0.12
ClOHBAtION & vs 5 sems o4 3 3%EE ¥ 5 SHGE § 5 5HETEE S §owns s 2.76 0.48
grain-size index (mm) . .......... .. il 3.11 (1.4) 0.32
FEldBPEE TA, o oimGuams o 5 imom u < SN § & o RGN § B EHSE S 50.4 20.52
PRCAYE . Somis T atmms & 5 fre S S S Sy i 5.4 e B G o 4.9 2.84
amphibole and pyroxene % ......... ...l 28.8 2.44

Diabase

Diabase occurrences in Finland are dykelike and rather narrow (Kahma 1951,
Laitakari 1969). They are seldom met with in road cuttings and therefore the number
of samples studied is small. When such a material is met with, it may have been
reserved for surfacing and the lower courses of the road made of weaker material.
Many of the diabase samples were so fine-grained that is was impossible to determine
the mineral composition visually. Owing to the small number of samples studied,
the mineral composition is not presented. According to Temme (1965), the mean
Los Angeles value of diabases in the U.S.A. and Hungary is 18.

TABLE 7

Mean properties of diabase macadam (9 samples)

arithmetic standard

mean deviation

BPECHHE BEATIET & cotenm vt oo & 55045 ferems) 9 6osofeii B el 2. 2.81 0.06
Los Angeles walte .. .o e cinmwiies scoanss s e o 19.3 7.61
Swedish impact value s o osvum oo smamss ssmnisss 46.2 7.99
BRIGAEEE covor 1200 05300 R T4 R SR AR TS ST 28 1.52 0.13
CloNGAtION .« . 5 worvin v s vies wsmn e 54 8 wiws 6 6 s o 0 3.14 0.40
grain-size index (M) v ssaesisaass vaes 25555555 o 2.50 (0.25) 0.55

Metamorphic rocks with preferred mineral orientation

Granite gneiss

The group of granite gneisses consists of distinctly oriented granites and gneisses
of a granitic composition, with a mica content under 15 9. These rocks occur all
around Finland but are dominating in waste areas along the eastern boundary of the
country.

Temme (1965) gives as the mean Los Angeles value for gneiss of the U.S.A. 45
and for Hungary 29.
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TABLE 8

Mean properties of granite gneiss macadam (49 samples)

arithmetic standard

mean deviation

SPETTHC FPAVILY & oo ¢-00im wus 5 mions i minne &vson. wemte, isiominis o0 i 2.70 0.05
Liog Angeles value: ... o o v osmawsss 2y wwms 55 aase 25.4 4.88
Swedish impact value - ;s svswerssovsas wnamns vess 56.4 7.85
HAICHREEE 1o 5.5 00050 51051o5505" Bwrion: e o s ssaseme wosinsvs o4 mcsfions 1.41 0.08
elongation . ... 2.43 0.29
grain-size index (M) - s wams sovuss s sm wias o5 v 3.36 (1.8) 0.49
CUEEERE Vo 10150155 adhs i) 90 o 5 i w4 s oo 6581 e 35.6 5.28
feldspar 9 o.v it s 49.3 4.38
EOCE 0L, ova w75 33190 6 5 98 956 8 S BRRSE T TES TN F S8 R 12.8 6.64

Mica gneiss

In the group of mica gneiss are collected all the medium- or coarse-grained,
distinctly oriented granite, granodiorite or diorite-like rocks containing over 15 9, of
mica.

These rocks are met with all around Finland, but they are concentrated in the so-
called Svecofennian and Karelian schist belts. These zones are seen in the map of
bedrock, Fig. 1.

TABLE 9

Mean properties of mica gneiss macadam (73 samples)

arithmetic standard

mean deviation

specific gravity ... ..ot 2.75 0.07
Los Angeles value o ccuswssspmmass ssmmass sawmass 24,0 7.07
Swedish impact value ......... ... ... ..o . L. 50.3 11.62
HakiNesS: "o 5 o osimnsny s ssiason 5 5 wgmme 3 3 mnseay B 8T © o 1.39 0.09
ElONTALIOLN ¢ v w5 8 mamies 6.4 555 805 § 8 W@HE 3 3565 045 2.51 0.32
grain-size index (mm) . ......... ... .. oo 2.92 (0.8) 0.56
QUATEZEIYY o nsnmivs s s s § s FeE TEE HEE E 00 R 35.0 2.94
FElASPOE '90:  ooniaiadis wanwas s wREAR 55500 MEE 55616 Bed b 45.2 3.12
IHEA Yy o0 o o orere wim v » aisriore as wiasaie v o =mio o o o asie v o aia oo 19.4 5.95

Mica schist

The group of mica schist consists of medium- and fine-grained, mica-rich schists,
with a mica content usually over 20 %,. Mostly the mica is biotite; there are only a
few samples of muscovite schists in the material. Mica schists occur mainly in Sveco-
fennian and Karelian schist areas.

Some of the samples were so fine-grained that determining the mineral composition
proved difficult; hence the values given above may not be very reliable.

3 10695—170
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TasLE 10
Mean properties of mica schist macadam (12 samples)

arithmetic standard

mean deviation

SPECIHC GIAVILY s swso s snnmne s o Gne § 58 R ss & o 2.76 0.05
Los ANgeles WaAllE ot whis s isiinsh a i Mtassie 20.5 7.02
Swedish impact value: o ooy uems o s v s wm o 52.8 12.30
AAlEiBBES oo aos v s s hmian o 5958 § 588 HRES BL GRS ¥ 1.52 0.14
ClOBGALIOR. ..o v« cooieraie mewrimsons i s muasiiorw o 57a irniion o5 P8 sdp 2.72 0.20
grain-gsize ittdex (MY  cswmsivson e smmps eswaee s 2.22 (0.1) 0.83
GUALEE U5 5.5 8 s umnes o5 w00 SHRk s ¢ S EE TG Y URED 2 32.4 2.57
FeldSHat 08 oo s enssasmiorn oltmnc S0 hfbdsis il B IR S 8 AR 33.8 3.84
MICH V5 s o oan wime & 57 i g6 5 mIEIRCE B RE e 5 B 6 34.1 5.98

Phyllite

Mica-rich, dense slaty rocks comprise the group of phyllite, but the graphite-
bearing black schists are omitted. Phyllites are met with mainly in the aforementioned
schist belts. The graphite-bearing varieties are concentrated in the North-Karelia
(Pohjois-Karjala) and Vaasa districts. Black schists are very weak and therefore, if
possible, avoided when road-building aggregates are selected.

The mineral composition is impossible to determine macroscopically.

TasLe 11

Mean properties of phyllite macadam (9 samples)

arithmetic standard

mean deviation

Spectic SHavity «we e v s amms o pume ey L s E s s o e e ¥ 2.75 0.03
LG ARPELES MAINE 1105 ondismsrd risiseshds 65210 5 5 S0 & 15.5 3.70
Swedish: impact walue . s s e smws s somwes s wmmnes 36.9 4.10
AAKINESS: s s ammas s 55988 37 ATA9s § AR5 oA 3 1.50 0.18
ClORPARION .y 3.2 2407 .3 ST A A T RN 5 SHLER D 2 o RS 2.58 0.20
grain=size-index (MM . coim ¢« wivmais s 3w v 5o sm s 1.33 (0.03) 0.82

Amphibolite

Rocks varying in origin but rich in amphiboles (mainly hornblende) and distinctly
oriented make up the group of amphibolite. They occur mainly in the aforementioned
schist belts but are also met with outside them. According to Simonen, the pro-
portion of amphibolites in the group of schists is 13.0 9%, in the southern, western
and middle parts of Finland and 25.3 9, in the eastern and northern parts of the
country.

The grain size of many amphibolites is so small that no reliable determinations
of their mineralogical composition can be presented. According to Woolf (1953),
the mean Los Angeles value of amphibolites in the U.S.A. is 35.
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TABLE 12

Mean properties of amphibolite macadam (14 samples)

arithmetic standard

mean deviation

SPeCific ravity ... ...ttt 2.88 0.10
LosuAngeles value ..« « « s s ssmw s oo gamns g s mmie s s 15.8 3.77
Swedish impact value ........................... 48.4 10.07
flakiness .......... .. ... i 1.70 0.11
elongation « . ¢ s uwen s s s wwss s 5 mwwn s 5 e 4 6 s sies s s s 3.31 0.41
grain-size index (mm) . .......... ... ... .......... 2.60 (0.3) 0.52

Crystalline limestone

Crystalline limestone has been mixed with tougher rocks to lighten the colour of
aggregate and make the asphalt surface reflect light better.
The limestones investigated are mainly calcitic and come from various deposits

in southern, southwestern and southeastern parts of Finland, where the limestone
content is, according to Simonen, 0.3 %,. The eastern and northern parts of the
country also supply limestones, but these varieties contain dolomite.

Most of the limestones studied have been discarded for various reasons. Included
in the study, these should represent the typical crystalline limestones of southern
Finland. On the average, they should also give a reliable picture of the strength
of crystalline limestone.

Much limestone is used in the bituminous surfacing technique in the form of fine
rock powder, as filler. For this purpose, calcite, likewise dolomite, is quite well suited,
owing to its basic reaction.

According to Temme (1965), the mean Los Angeles value for limestones of the
U.S.A. is 26 and that for marble 47.

TasLE 13

Mean properties of crystalline calcitic limestone macadam (4 samples)

arithmetic standard

mean deviation

specific gravity ....... .. i 2.73 0.04
LosiAngelesrvalte s s wus s poma s s pumomas s pwmses s 40.7 2.73
Swedish impact value ........... ... ... ... .. 73.6 8.47
HIAKIERE. cuicn o « e o 5 0 wioir 0 600 & braras o 6 SusEns 8 8 % rerm & 3% o 1.45 0.09
elonEation w v s sowme s s smm s s Mum o v BAEE s FsaME a8 i d 2.60 0.29
EraIn 8128 HOdex (M) s coc s - < i = s ctvmm a s s nsibins 88 3.75 (3.6) 0.50
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Fic. 5. Distribution of abrasion resistance (Los Angeles value) and brittleness (Swedish

impact value) of macadam composed of different rocks, 1 = rapakivi, 2 = red granite,

3 = gray granite, 4 = diorite, 5 = gabbro, 6 = granite gneiss, 7 = amphibolite, 8 =
mica schist, 9 = mica gneiss.
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F1c. 6. Regression of strength and other properties of macadam com-
posed of different rocks, 1 = L.A./Sw.i.; 2 = L.A./flakiness; 3 = L.A./
elongation; 4 = L..A./grain size; 5 = Sw.i./flakiness; 6 = Sw.i./elongation;

7 = Sw.i./grain size.
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Comparison of rock types

When observing the standard deviations of the test results in the foregoing tables,
one could see that as regards the specific gravity, which may be counted among the
petrological properties, the deviations were very small and the greatest standard
deviation was found in amphibolite (0.10), which is only 3.5 %, of the mean specific
gravity. The petrological macadam groups of tables 1 to 13 may therefore be assumed
to represent real, petrologically homogeneous rock types. Comparatively, the mean
test results may be designated for mean properties of the rock type in question.

Fig. 5 shows that the deviation of Los Angeles values in different rocks is smaller
than that of Swedish impact values. Most homogeneous rock according to the varia-
tion of strength is rapakivi and most inhomogeneous mica gneiss. The dependence of
strength values in different rocks on different aggregate properties is shown in Fig. 6.

To give a better basis for comparison, the mean test results are gathered in one
and the same table (14) where also certain rock types appear that are present in the
samples in such small amounts as to preclude separate mention.

The greatest variation in grain size occurred in rapakivi; the standard deviation of
the grain size index 1.04 = 24 9, of the mean. The greatest variation in abrasion
resistance was exhibited by diabase, mica gneiss and mica schist, with about 40 9, of
the mean Los Angeles value; and the greatest variation in brittleness by mica schist,
mica gneiss and gray granite, with nearly 25 9, of the mean Swedish impact value.
The greatest variations in particle form were exhibited by pegmatite and phyllite,
with about a 12 9 standard deviation of the mean flakiness index, as well as by diorite
and gabbro, with a standard deviation of about 20 9, of the mean elongation index.

TaBLE 14
Mean properties of different rock types

sp.Gr. L.AL Sw.i. b:a ca grain©® mm
PEEMEtIte & : wwwes s vams oo s amme s 5w s 2.63 34.8 69.0 1.44 2.48 14.0
FEPARIVL o5 50t 3 500 008 5 9 95000 8 5 mbwe 5 8 2.67 29.9 60.5 1.38 2.54 10.0
red granite ....... ... il 2.66 24,9 559 1.44 2.60 1,7
GLAY BIAOTCE: quovw s o o wremsrs o ¢ s o s s @ 5 5 2.69 25.9 52:9 1.39 2.47 2.0
ATORIEE ov 51515 rorsoasal s 5 S 5) SACHSL § 5 B Slin ¥ 5 275 23.8 47.2 1.39 2.68 1.5
GABDEO. . o o coocmies ev oneiico s o smraie o0 miaiaim o 2.88 23.8 49.5 1.43 2.76 1.4
diabase: « s s3www s swavs s e amns s e i s 2.81 19.3 46.2 1,52 3.14 0.25
PLAfIEPOCINS vmo55esmis 8 s 3 5 naga § & 2.70 25.4 56.4 1.41 2.43 1.8
MICA GOCISS o vv vt it it ineenn s 2.5 24.0 50.3 1.39 2,51 0.8
ica 8ChISE: wurpe s o g v 5 ¢ snis 5 5 maem ¥ 2.76 20.5 52.8 1.52 2.72 0.1
PRYIME: wn. camaons g m a1 S sd S suma s 2.75 15.5 36.9 1.50 2.58 0.03
AMPRIBOHLE wivwe s wioneinrs s o imsnee « s wiwmmm s 2.88 15.8 48.4 1.70 3.31 0.3
PLEENSLONE souss 56 ¢ wivimies o 6 ayeras &5 P s s 2.86 13.1 46.4 1.49 2.96 0.03
IEDEILE, (5w s 0mme 35 5550 48 SEEE 3/ 3tiim 5.6 2.65 15.5 46.2 1.59 3.00 0.05
QUATtZITe ...ttt 2.67 21.5 63.1 1.53 2.59 0.1
Hmestont « sass < s sewm oo pomy s s s swoass 2,73 40.7 736 1.45 2.60 3.6
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TABLE 15

23

The correlation on the properties of different rocks is presented in the right upper corner of the matrices and

their regression coefficients in the lower left corner

1 a b c d e f 2 a b c d e £
a 1 0.33 0.24 0.91 — 0.43 0.27 | a 1 0.27 0.07 — 0.14 — 0.15 0.11
b 0.2 1 0.18 — 0.04 0.25 0.14 | b 0.1 1 0.55 0.37 0.24 — 0.05
c 5.9 8.2 1 0.67 — 0.36 0.55 | ¢ 2.2 35 1 0.55 0.44 — C.10
d 15 — 1.2 0.4 1 — 0.74 0.39|d| — 2.0 11 0.3 1 0.42 — 0.20
e| — 6.6 70 — 2.2 — 6.9 1 — 0.69 | e | —13 47 1.3 2.6 1 — 0.15
f 2.5 2.5 0.2 0.2 — 0.04 1 f 1.6 2.9 0.04 0.05 0.15 1
3 a b c d e f 4 a b c d e f
a 1 0.49 0.15 0.24 — 0.07 0.23 | a 1 0.67 0.18 — 0.06 0.05 0.21
b 0.2 1 0.41 0.38 — 0.15 — 0.03 | b 0.3 1 0.52 0.12 0.15 0.07
c 6.9 34 1 0.63 — 0.02 — 0.02 | ¢ 12 66 1 0.21 0.02 0.19
d 2.7 9.7 0.2 1 — 0.04 — 0.09 (d| — 1.2 4.3 0.06 1 0.07 — 0.41
e| — 7.5—36 — 0.05— 0.4 1 0.18 e 6.4 40 0.03 0.5 1 — 0.16
f 1.5— 0.5 — 0.004— 0.06 0.01 1 f 2.4 1.6 0.03 — 0.2 0.01 1
5 a b c d e f 6 a b c d e £
a 1 0.71 0.09 — 0.19 — 0.45 0.07 | a 1 0.95 0 — 0.56 0.18 0.89
b 0.4 1 0.49 — 0.10 — 0.16 — 0.14 | b 0.9 1 0.58 — 0.47 0.10 0.74
c 6.7 67 1 0.31 0.02 — 0.22 | ¢ 27 35 1 0.15 0.79 — 0.15
dl — 2.1— 2.1 0.05 1 0.36 — 0.32 (d [ —11 — 9.2 0.05 1 0.32 — 0.79
e| —37 —25 0.02 2.6 1 — 0.13 | e | —25 14 1.9 2.4 1 — 0.73
f 0.9— 2.7 — 0.04 — 0.4 — 0.001 1 f 12 11 — 0.04 — 0.6 0.07 1
7 a b c d e f 8 a b c d e f
a 1 0.46 — 0.10 — 0.43 0.001 0.03 | a 1 0.70 0.24 — 0.16 0.25 0.26
b 0.3 1 0.43 0.07 — 0.16 0.02 | b 0.4 1 0.36 045 0.45 — 0.09
c|l — 59 41 1 0.36 — 0.26 — 0.32 | ¢ 18 46 1 0.15 0.04 0.07
d| — 7.2 1.9 0.1 1 — 0.42 — 0.03 | d | — 3.6 5.7 0.04 1 0.12 0.48
e 0.09—25 — 0.4 — 2.4 1 — 0.13 | e | —24 —70 0.05 — 0.5 1 0.02
f 0.3 4.4 0.001— 0.02 — 0.02 1 f 3.6 0.3 0.04 0.1 0.2 1
9 a b c d e f 10 a b c d e f
a 1 0.49 0.20 0.23 — 0.44 0.79 | a 1 0.80 — 0.32 — 0.09 0.003  0.47
b 0.3 1 — 0.19 — 0.39 0.11 0.39 | b 0.3 1 0.05 0.16 0.06 0.66
c 10 —17 1 0.37 — 0.15 0.60 | ¢ | —10 4.0 1 0.88 0.08 0.38
d 8.3— 2.4 0.3 1 — 0.27 0.40 | d | — 0.8 4.0 0.2 1 0.25 0.29
e| —67 29 — 0.4 — 1.1 1 — 038 e| —0.1— 59 — 0.1 1.0 1 — 0.23
f 1.1— 8.5 0.13 0.05 0.001 1 f 3.5 13 0.08 0.2 0.04 1

a b C d e f @ b c d e £
a = abrasion resistance (Los Angeles value),
b = brittleness (Swedish impact value),
c = flakiness (relation width to thickness),
d = elongation (length/thickness),
e = specific gravity,
f = grain size index
1 = pegmatite, 2 = rapakivi, 3 = red granite, 4 = gray granite, 5 = diorite,
6 = diabase, 7 = granite gneiss, 8 = mica gneiss, 9 = mica schist, 10 = amphibolite
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The smallest variations in specific gravity were registered for phyllite (1 9;), in
abrasion resistance for crystalline limestone (7 9,), in brittleness for phyllite (11 9),
in elongation for mica schist (7 %,), in flakiness for granite gneiss (6 %,) and in grain
size for gabbro (10 %,).

The most abrasion-resistant rocks proved to be greenstone, phyllite, leptite,
amphibolite and diabase. The weakest rocks in this sense are crystalline limestone,
pegmatite and rapakivi. The most brittle rocks are limestone, pegmatite, quartzite
and rapakivi. The impact-resistant rocks are phyllite, leptite, diabase, greenstone and
amphibolite. The heavy rock types seem to be tougher than the light ones. The
order of toughness and that of weakness in both tests (Los Angeles test and Swedish
impact test) are nearly the same, so the tests measure nearly the same properties, as
indicated previously (Kauranne 1970) by their close correlation.

The best-shaped (most isometric) particles are obtained by granulation of the
weakest rock types and the most elongated or broadest grains of the tough rocks.
Also the degree of schistosity seems to play a role by forming flaked particles (com-
pare the flakiness indices and the Los Angeles values of e.g., mica schist and phyllite).
The correlation coefficients of different properties in different rock types are
presented in Table 15.

The study of the relations between aggregate properties (Kauranne 1970) has
shown that the greater the L. A. value the greater the Sw.i. value; the more flat or
elongated the particles of the aggregate the greater the strength values (the weaker
the material); the greater the specific gravity the smaller the strength values but the
less isometric the particles of the aggregate; and the greater the grain size of rock
the weaker is the aggregate, the more isometric its particles and the lower its specific
gravity. According to these general rules the direction of the correlations should be

b C f
=+ + — i
+ +

+ 4+ + o
I

_+_
+ —

o A0 T »

(a = L.A,; b = Sw. i.; ¢ = flakiness;
d = elongation; e = sp. gr.; f = grain
size index)

Pegmatite. The correlation between abrasion resistance and elongation is
good; between flakiness and elongation, specific gravity and grain size, moderate;
correlation coefficients of flakiness and grain size, elongation and specific gravity are
high but in the »wrong» direction.

Rapakivi. There are only two pairs with a moderate correlation: brittleness
and flakiness, flakiness and elongation.
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Red granite. There exists a moderate or good correlation in the pairs,
abrasion resistance — brittleness, brittleness-flakiness, flakiness-elongation; and a
correlation was also noted between brittleness and elongation.

Gray granite. There exists a moderate or good correlation in the pairs,
abrasion resistance — brittleness, brittleness-flakiness and elongation-grain size.

Diorite. There is good correlation between abrasion resistance-brittleness
and a moderate one between abrasion resistance-specific gravity and brittleness-
flakiness.

Diabase. A good correlation is found in the pairs; abrasion resistance-brit-
tleness, abrasion resistance-grain size, brittleness-grain size, flakiness-specific gravity,
elongation-grain size, and specific gravity-grain size. There are also high correlation
coefficients but in the »wrong» direction in the pairs; abrasion resistance-elongation
and brittleness-elongation; if these were so, the elongated particles would be tougher
than the short ones. Diabase differs distinctly from the other rocks (see also Fig. 6).

Granite gneiss. There exists a moderate correlation in the pairs; abrasion
resistance-brittleness, brittleness-flakiness. High correlation coefficients were found
in the »wrong» direction between abrasion resistance-clongation and elongation-
specific gravity.

Mica gneiss. Thereis a good correlation between brittleness-specific gravity
as well as one with a »wrong» direction in the pair, elongation-grain size.

Mica schist. A good correlation exists in the pair, abrasion resistance-
grain size, a moderate one in the pairs, abrasion resistance-brittleness and abrasion
resistance-specific gravity.

Amphibolite. A good correlation was observed between abrasion resistance-
brittleness and flakiness-elongation, and a moderate one between abrasion resistance-
grain size and brittleness-grain size.

The best correlation exists between strength values and form values, but also
grain size correlates well with nearly all the other properties.

But, as seen, the internal relations of properties determined in the laboratory
depend much on the petrological properties. Brittleness of all rocks depends distinctly
on flakiness but that of diabase and metamorphic rocks also on grain size and elon-
gation. Abrasion resistance of diabase and metamorphic rocks depends also distinctly
on flakiness of the particles of the aggregate. To give a better picture of the corre-
lations existing between strength values and specific gravity and their dependence
on rock type, the coefficients are presented separately in Table 16 where also the
linear regression coefficients are given. The correlation of strength values in tough
rocks is much better than that in weak rocks. The correlation of strength values and
specific gravity is almost negative, just as it should be, and slighty better for the Los
Angeles value and specific gravity than for the Swedish impact value and specific
gravity.

The linear regression functions may be formed by using the given coefficients
and the arithmetic means of properties presented in Table 14.

4 10605—70
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TABLE 16

The dependence of the correlation of strength values on petrological composition

Rock type L. A./Sw.L L. A./sp.Gr. Sw.I./sp.gr. No. of

r q r q ¥ q samples
DERINALItE oo s« s iwmss s s swns a5 damme s 555w 0.33 0.18 [—0.43 —6.55 0.25 6.95 9
PADAKIV] com st oot s SRS 53 oo e e 0.27 0.12 [—0.15 0.22 0.37 3.49| 74
rod @LANTEE ..o « ¢ o s s wugen e 3 aE s e 0.49 0.21 [—0.07 0.75 | —0.15 — 3.58( 88
REAY PPARIE 5 . s wins ¢ deusos § 8 5onhine » 858 0.67 0.34 0.05 0.64 0.15 4,01 72
QIO o oo w0 0.4 & 5 boiione ® & et & & frwnsie 0.7t 0.38 | —0.45 —3.67 | —0.16 — 2.48| 39
ZABBEG 5 qine v o mmms 5 o s v SEAE § SFEE 0.43 0.15 | —0.45 —2.21 0.11 1.52] 25
DABABE oovre 0 s.amns 5§ R 5 ki & 8 s 0.95 0.90 | —0.18 —2.50 0.10 1.40 9
BIANTEE PNETSS: « « o v v o sirsus g« srmsnes o sorsvinwne 0.46 0.29 0.001  0.01 [ —0.16 — 2.48| 49
MICE BOEISE « o s wwies v warme s v 4 smwds s siEE 0.70 0.43 | —0.25 —2.39 [ —0.45 — 7.03| 73
PHICAISCRISE 3 s mmemersiis someasl o7 lsmepsadN o7 3 T 0.49 0.28 | —0.44 —6.65 0.11 2.90| 12
PAYIIEE: <ovivc o winions oo e siamsios s o sisiane o ¢ wisssns 1.0 — | —0.60 —7.19 [—1.0 — 9
amPhIbolite) : suwe s s smmmrs s s ammes s vasee 0.80 0.30 [—0.003—0.01 | —0.06 — 0.59| 14
JAERESTHOE re, sresfore 5\ SeTars s kel 518 et 0.35 0.11 | —0.99 —7.77 [—0.55 —13.35 4

r = Pearson correlation coefficient; ¢ = linear regression coefficient in the formulay = g (x—E) + B
where E and B are the arithmetic means of the properties.

INNER FACTORS AFFECTING ROCK STRENGTH

The inner factors involving rock strength discussed here are mineralogical com-
position and texture including all the properties measured microscopically, as pre-
sented in the chapter relating to microscopical study (p. 32).

Mineralogical composition

The effect of mineralogical composition is presented in the form of correlation

coefficients in Table 17.

TABLE 17

Correlation of mineral contents and specific gravity with the strength and form values of rock groups

Stones

Q F

0.21 0.08

0.04 0.14
—0.16 —0.14
—0.10 —0.19

M G
—0.26 —0.32
—0.02 —0.21

0.22 0.17

0.24 0.15

Crushed gravel

Q F
0.16 0.22
—0.05 0.18
—0.06 —0.23
0.003 —0.24
M G
—0.29 —0.35
—0.15 =0,22
0.18 0.20
0.16 0.17

Rocks Macadam
Q B Q F
0.08 0.23 0.04 0.20
0.11 0.13| —0.06 0.01
0.02 —0.24| —0.30 —0.24
0.11 —0.22| —0.26 —0.24
M G M G
—0.33 —0.32| —0.27 —0.22
—0.18 —0.27| —0.12 —0.19
0.27 0.20 0.24 0.17
0.36 0.21 0.32 0.20

Q = quartz %, F = feldspars 9%, M = micas %, G = specific gravity.
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Frc. 7. Effect of mineral composition on the strength of macadam and
crushed gravel.

The properties of in laboratory crushed aggregate samples (stones and rocks)
have been closer reviewed by Kauranne (1970). They are taken with in the table only
to show how the effect of the mineralogical properties on the properties of aggregate
is greater in the product of a small laboratory jaw crusher than in the product of
great field crushing plant granulators.

The effect of quartz, feldspars and mica on the strength of crushed gravel and
macadam is perhaps better seen in the figure, in which the materials have been divided
into separate abrasion resistance and brittleness classes and, further the mean content
of the respective minerals in samples of every class is calculated and presented (Fig. 7).

The figure shows that tough rocks contain more mica than the weak ones do.
In practice, it has been observed that surfacings made of mica-rich material do not
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stand up under the strain of climate (Zalesskii 1967, Soveri 1969) and traffic (Reng-
mark 1968, Hobeda 1969). As much as 14 9%, of the surface was damaged in less than
1 year on a road where mica-rich phyllite was used as aggregate (Hyyppi 1966). It is
therefore remarkable that an increased mica content should improve the durability
of stone in laboratory strength tests, especially in view of the fact that the higher
mica content makes the stone particles at the same time flatter and more elongated.
This can be understood only by the fact that mica in the investigated material mainly
occurs as small flakes. It may be mentioned however that mica increases the drilling
resistance of rock (Selmer-Olsen 1964). Weber (1966) has set limitations on the
mica content in aggregates in a proposal for specifications as to stone material for
different purposes.

The correlation coefficients of feldspar and strength values show that an increase
in the content of feldspars makes material weaker; this effect is most clearly observed
in abrasion resistance. The particle form becomes more isometric with increasing
feldspar content.

Likewise remarkable is the fact that a higher guartz content, especially in material
crushed in the laboratory seems to weaken aggregate. This runs contrary to the
unpublished observations of Reihe (1967), who combined quartz and amphiboles to
arrive at a tough mineral index. But in Finland the content of quartz dominates.
From the stone materials of 25 road-building sites (about 100 samples) Reihe obtained
the following relations, Table 18.

The toughest group of this material consists mainly of mica gneiss and diabase,
the second group of granite and granite gneiss, and the weakest mostly of rapakivi.

The values in Table 17 also reveal that an increase in the quartz and feldspar
content tends to reduce the amount of flaky and elongated particles, whereas an
increasing mica content has the opposite effect.

Increasing specific gravity, amount of heavy minerals (micas, amphiboles and
pytoxenes mainly) strengthens the stone material but weakens the particle form.

The effect of amphiboles and of calcite was studied separately, but owing to the
inhomogeneity of the material and, correspondingly, of the results, together with the
small number of samples, it is not tabulated here. It was observed that an increased
content of amphiboles made the material more impact-resistant (» L.A/amph. 9%, in
rocks crushed in laboratory = —0.50, and in macadam —0.29, » Sw.imp/amph. 9,

TasLE 18
Means of technical properties, grouped according to the tough mineral index
Tough mineral index 5 4 %
Lios Angeles WalWe . wmimus s oo s s domnns o s swins s ¢ 95 22.4 23,9 26.7
Swedish Tnpact Value) «.oo: ssmmiv s ammes s smmes s 5n 54.8 54.6 54.6
ASKINEES:, voly 3, meoage 51 31 Teres .5 0arte, » AN 0 AR S Y6 1.45 1.38 1.47
Clon@AtION! . & s wisnn be 3560 ¢ #5550 558 355 83 SWEE s ¢ win 2.46 2.39 2.18
SPECHAC BEAVALY < 05 5 s wisisins s s 65 § wishs s 65 5 s 5% 4 2.67 2.68 2.62
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TasLE 19

Correlation of microscopically determined mineral relations and the strength and specific gravity
of stone materials

Q F M
Lios: Angeles Value .. s «amw v «n o ae s 0w s 2 & womsio o s 0.27 —o0.08 —0.15
Swedish impact value . coioe s semon sowmemes s smosvs 0.28 0.05 —0.21
SPECIFIC BEAVILY » cive o b otoims o o msniin & o« dysisr s # 08 Sibns 4 —0.37 —0.20 0.53
in rocks crushed in the laboratory = —0.44, in macadam 0.03,  b:a/ amph. 9, in

rocks = 0.40, in macadam 0.33, etc.) but affected also the rise in form values. The
comparative observations regarding calcite content showed the opposite effect
(r L.A.[calc. 9, in rocks = 0.70, in macadam 0.73, 7 Sw.Imp./ calc. 9, in rocks = 0.33,
in macadam 0.61 and 7 b:a/calc. 9, in rocks = —0.33, in macadam 0.33, too). The
effect of these minerals on elongation was not so clear as on flakiness.

For a closer investigation of the mineralogical properties of rock and their relation
to the mechanical strength of the materials, 40 samples were taken so as to represent
both exeptionally tough and exceptionally weak varieties of petrologically different
rock types. In this series of microscopically studied samples, the correlations between
mineral contents estimated from thin slides and the strength values of aggregate are
shown in Table 19. The results obtained from the study of these extreme samples
were not so good as desired. The correlation coefficients are rather low. These show
only that quartz does not strengthen the rock and with an increase in the quartz
content the specific gravity of rock becomes lower. The effect of feldspar in this
series seems to be almost neglible. The increasing mica content would, according to
the (small) correlation coefficients, strengthen the rock and also effect the rise in
specific gravity. The linear regressions of technical properties and mineralogy of
different types of aggregate are presented in figures 8 and 9. The factor analysis of
these results is dealt with after the discussion of the effects of textural properties.

Texture

The following textural properties have been investigated: grain size, grain shape,
smoothness of mineral surfaces, contact mass, degree of alteration (weathering),
of fracturing and of orientation of mineral grains and the porosity of rock.

The correlation coefficients in Table 20 are again rather low, but somewhat
greater than those of mineral amounts and technical properties (Table 17).

The effect of grain size on strength is greater in rocks and macadam groups than
in partly rounded and smoothsurfaced gravelly material crushed in the laboratory
or in the field. Increasing grain size weakens aggregate. Correlations with form values
are better, and it is seen that increasing grain size produces more isometric particles
in the aggregate. Now the effect is somewhat greater in gravelly materials. The linear
regression functions for, e.g., macadam are: (see Fig. 9)
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TasLE 20
Correlation of grain size and the technical properties of rock material groups
Stones Crushed gravel Rocks Macadam
Los Angelesvalte comes o « 0w s v 5o g 0.23 0.12 0.48 0.35
Swedish impact value . ::awesciamens 0.16 —~0.05 0.44 0.15
HOISTWEES" 5.5 ot lome-5.5.55 - 5 FETD 30 P —0.39 —0.29 —0.28 —0.09
elongation: s s s ¢ s pama s s s ames s —0.43 —0.37 —0.32 —0.18

a= 27 (f—3.0)+ 1.40 b= 23 (f—3.0)=51.2
= —0.01 (f—3.0) + 1.40 d = —0.09 (f—3.0) + 2.58

o
|

a = Los Angeles value, b = Swedish impact value, ¢ = flakiness, d = elongation
and f = grain size index.

The 40 samples of tough or weak varieties of different rocks were studied inde-
pendently by Mr. J. Pekkarinen and the author to obtain the most objective possible
results.

The microscopical observations were transformed into index figures as follows:
mean grain size (under 0.1 mm, marked in the statistical treatment with the
symbol 1; 0.1—0.5 mm, marked 2; 0.5—1 mm, 3; 1—2 mm, 4; 2—5 mm, 5; and over
5mm, 6); grain shape (isometric rounded, 1; isometric angular, 2; elongated
rounded, 3; elongated angular; 4; long rounded, length over 2.5 times thickness, 5;
long angular, 6); grain surface (sutured mineral grain surfaces, 1; rough
surfaces, 2; and smooth surfaces, 3); contact mass (no foreign mineral between
actual mineral grains, 1; quartz seam between grains, 2; calcite, sericite, limonite
seam between grains, 3); degree of alteration (all minerals fresh, 1; seri-
citization or other incipient alteration in minerals, 2; feldspars sericitized and mica
limonitized, 3; most minerals weathered to unidentified mass, 4); degree of
fracturing (no cracks in minerals, 1; quartz grains deformed, undulating
extinction, 2; cracks in most mineral grains, 3; most grains fractured to small inde-
pendent grains, 4); degree of orientation (random orientation, 1; faint
orientation of elongated grains, 2; mica oriented, 3; distinct orientation of most
minerals, 4).

The properties investigated are perhaps best revealed in the microscopical photos,
plates 1 and 2, see the explanation of the plates. It was hoped by this investigation to
shed light on the real reasons for the rock strength. It was noticed, however that this
kind of investigation is rather subjective and it consists in itself sources of error. The
correlation of textural properties and rock strength are given in Table 21.

All the correlation coefficients are small. Remarkable is the fact that all of them,
except that of grain size, are negative, although the indices were arranged so that
the growing figure was thought to reflect a weakening of structure. For instance:
the greater the alteration or the longer the grains, the greater the index figure. The
correlation coefficients tend to show that the increasing alteration of minerals would
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TasLE 21
Correlation between textural properties and the strength of macadam made in the field crushing plant
Pekkarinen Kauranne
AR 48 Sw. i. L. A Sw.i.
PRAMN-BIZE INAOK 5550 o550 9955 o5 L83 WDEELE & @sie s 0.24 0.37 0.21 0.31
grain-shapeindex ........... ... ... .. .. i —0.14 —0.26 —0.04 —0.01
grain-surface index 4 .. snamse vems g vs swanss sams v 0.04 0.001 —0.19 —~0.20
CONtAE-NASS TAEX 2 40 500555 7 Guos s ind s om S0 8 i i 58 —0.27 —0.07 0.06 0.01
alteration degreeindex.......... ... .. ... .. —0.25 —0.22 —0.24 —0.25
fracturing degree index s s o os vwwws s swis ve s swasss —0.17 0.06 —0.12 —0.16
otientation degree INAEX : ¢ i3y s s s s e isamesasss — — —0.22 —0.37

strengthen the rock. This result cannot be reliable, although one of the rock samples
studied, diorite mylonitized to a nearly unidentified state (from Tervo, near Kuopio)
was one of the toughest rocks in the series with a Los Angeles value of 15.8 and
Swedish impact value of 32.4.

In the following discussion, only the observations of the author are used, because
of the similarity of the correlations between strength and textural properties deter-
mined by both investigators.

As a basis for discussion, the mean and the standard deviation of the textural
properties are given in Table 22.

The mean porosity is high compared, e.g., with Norwegian granites, 0.61—0.97 %,,
and gneisses, 0.40—0.75 9%, (Rosenqvist 1966), but small compared with Brazilian
granites, 2.2—3.6 9,, and gneisses, 1.1—3.7 %, (Ruiz 1966) and Finnish granites
2.6 9, (Aurola 1964).

The group was, as noted quite inhomogeneous, and the deviation of the values
very great; and the results may not be reliable considered as a whole.

The correlation matrix of the material as whole, is presented in Table 23.

From the correlation matrix above, some interesting observations can be made,
although within the limitations of this selected inhomogeneous material. There

TABLE 22

The arithmetic mean and standard deviation of the textural properties of the microscopically studied
40 extreme macadam samples

mean st. dev.
grain-size AR ;o vus b s wimem coVEEE s S8 B EE A 25 Bnes 3.68 1.28
grain-shapeindex ......... ... ... ...t 2.55 1.13
grainssutface Index . s v swns svmass s smam o 5 s s s 2.13 0.88
CONLACL-INTESS MR 6555 dssis Sunmiriinis 5 wraimnns o o diwr o5 1.79 1.19
alteration degree index .......... ..., 2.05 1.09
fracturing degree indexs « ¢ wuus o o5 smpas o 5 wiws s g aasw i 2.45 1.01
orientation degree Mdex v i ome i s s mismm s onmo s 1.73 0.99
Los Angeles value ........ ... . .. ... 29.2 14.6
Swedish impact value . .ooss s s omums s s ouen s s s 58.8 18.4
DOEEBI ararivs 5.5 POTHEDE SRS T RS B Y Bttt oos ST 6 1.52 1.82

5 10605—70
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TABLE 23

Cortrelation coefficients of microscopically determined rock properties and the technical properties
of the macadam

b c d e f g h i i k 1 m n o

20 |—20| 03 13 16| —29 [—06| 44| —29( —36 | —42 28 37 —20 a

1|—38(—05|—02( 01|—001|—38( 01|—01 29 28 | —01 02 14 b

1 11 02| —25 16 09| —09| 29 12 | —08 | —25 | —24(—31 c

1 32| 24| —02 05| —08| —07 | —23 006 | —004 | —05 16 d

1 59 19 [(—20| 30| 04| —20|—22 |—26 |—25|—18 e

1 22 | —12| 10(—08| —18 | —02 [—10 [—16| 09 £

1 | —14| =37 73 48 39 | —19 | —34| 03 g

1(—55| 03| —37 [—40 | —27 28| —09 h

11 —53| —20 | —36 | —08 05| —33 i

1 53 32 | —15 | —21 04 j

1 73 | —27 [—40| —02 k

1 | —07 |—22( 53 1

1 76| 08 | m

1|—004| n

a = grain-size index, b = grain-shape index, ¢ = grain-surface index, d = contact-mass index,

e = alteration index, f = fracturing index, g = orientation index, h = quartz content,

i = feldspar content, j = mica content, k = specific gravity, 1 = density, m = Los Angeles
value, n = Swedish impact value, o = porosity % In the table only the decimals are given.

exists a distinct correlation coefficient =0.60, between the degree of alteration and
that of fracturing, between the degree of orientation and the content of mica, as well
as naturally between the specific gravity and the density and between the abrasion
and impact resistances.

There exists a moderate (» from 0.40 to 0.59) positive correlation between grain
size and feldspars, micas and specific gravity, density and porosity, orientation and
specific gravity and that and density, the two last-mentioned presumably because of
the selected nature of the material.

A moderate negative correlation exists between grain size and density, quartz
and feldspars, quartz and density, feldspars and micas and specific gravity and brit-
tleness.

All the correlations mentioned are acceptable which shows that the material
provides truely acceptable information and can be studied further.

The properties studied might be divided into the categories of texture (from a to
g), mineralogy (from h to 1) and mechanical properties (m and n), while porosity
could stand apart, if not combined with specific gravity and density. The category of
texture could de divided further into grain properties (a, b, ¢ and g) and metamorphic
properties (d, e and f).

The inner factors of rock strength were analyzed by the principal component
and factor analyses using the common methods described in the textbooks of multi-
variate analysis.
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The principal component analysis gave the results shown in Table 24.

The first component occurs in nearly all the properties determined. Its greatest
power is in the specific gravity and in the positively correlated density, mica content
and mineral orientation. It is not easy to determine the real content of the first com-
ponent.

The second component has the greatest weight on alteration and the feldspar
content positively correlating with it and the degree of fracturing. This component
could be designated as that of metamorphic properties. Also the strength values have
great weights, which apparently means that they depend very much on the meta-
morphic properties.

The third component has great power on grain shape and grain surface. This
component could be designated as the component of grain properties.

The fourth component has weight on fracturing, contact mass and porosity.
This component resembles the second component.

The best alternatives given by the factor analysis of this matrix are listed in
Table 25.

The properties measured are not independent of each other; hence the interpre-
tation of the factors must be taken with reservation. The analysis of the deviation of
the residuals shows that these factors could not explain the correlation between
quartz and feldspars.

Factor no. 1 seems to have nothing in common with the subfield metamorphic
properties; it has a great (negative) weight on mica and orientation. The weight of
the other factors on mica and orientation is close to zero. Therefore, the first factor
might be designated mineral anti-orientation factor. It corresponds closely the
first main component.

TaABLE 24
Principal components of rock properties
Component 1 2 3 4 5 6
a grain-sizeindex . :sosv s vamaeseann sves grsess —63 | —20 23 | —04 | —42 14
b igraifi-haADE MIAER. 5 oo 0558 25555 fonist 3-8 missmin s s 13| —09 | —71 | —07 | —19 03
¢ grain-surfaceindex .......... .. .. . L. 24 | —04 | —68 [ —29 05 46
d contact MAss IAER: uo o wesuimsmms oo s & s e s s ol —07 | —22 | —13 59 25 62
€ AMETILION INAER cvv 555 5065 00 i, mmvan s & 568 —06 | —77 | —17 37 | —20 02
f fracturing index ............oiiiiiiiiiiiia.. —04 | —58 | —08 61 | —16 | —26
g otientation index vewesvs smsissnvssirnpevens 73 | —11 | —15 23 | —47 [—03
B, GUATZICOMEERL: © o 5 cini 5 5 Biddin s 5 aosinsis b 68 uoain 5 B0 —26 56 | —57 30 | —02 [ —26
i feldsparscontent ...............iiiiiiiia... —50 | —60 | —22 | —44 02 13
j mofcas CONLENT :smeme s st s s wmmss i s amee o6 72 14 | —25 11 | —48 07
k specific gravity . ...t 81 02 23 | —34 | —17 08
L density oo wm s s sman s o smmns s v ownse s wiiom s ¢ os o 74 17 50 10 13 18
i1 abrasion LeSiStANCE s. : s wavw s s smme v i s 5w v s s 4 —45 57 22 22 | —36 23
n brittleness ....... ... . il —60 52 20 10 | —34 20
O POLOSIEY wiuos ¢ svmm ws v wmsas o5 v g 8 srgusne 35« $1ors 24 26 46 51 43 00
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TABLE 25

Inner factors of rock strength

alternative 1 alternative 2
hagtors 1 2 3 4 5 6 7 8
2 (LN BIZEL o s v s ins. o o 61 0 0 0 —04 19 46 39
b grainshape . eeve o s o onsss 14 —17 —17 29 50 0 0 0
€ Efain BOHAEE s masmses hases —45 07 12 —49 —43 —26 —002 —40
d cont. DHASS. «acuew wrancns w e 03 L 23 22 —13 45 —09 09
€& alteraEOn oo wuwes e vams swanss 0 80 0 0 —24 65 23 =22
F EACtERIBE .« .n son i snesi neases 10 75 05 36 0 78 0 0
g orientation .. ... esvsooenes —73 39 —03 20 10 17 —57 —53
B GUALYE wowses soviss sweses waws 0 0 79 0 —56 02 —28 40
i FeldSpans . .. cinmim ns s srdaes 52 —01 —44 37 0 0 82 0
SR ; : - A —178 16 09 10 02 —07 —64 —47
k 8Py BEAVILY o ae soss swsnas n i —65 —26 —59 —02 53 —44 —34 —65
1 density .....coesciamsecnones —45 —17 —44 50 77 —10 —60 —31
it abrasion tesist, u s ssinue eavmm s 53 —34 43 44 08 07 —19 78
#i  bEItHEIess v vos srasassssnannss 64 —40 41 29 0 0 0 82
@ DOEOBIET o v vios . mibsoom wiss mosarn ws 0 0 0 65 48 25 —49 20

No. 2 has nothing in common with the mineral contents or the grain properties
except for the high weight on alteration and fracturing; it might be called the factor of
metamorphism. This factors corresponds the second main component.

No. 3 has very small weights on the field of texture. The greatest weight is on
quartz and specific gravity (although negative). This factor might be called the factor
of light mineral content.

Factor no. 4 has the greatest weight on porosity; there is also weight on density
and grain surface (negative), while the weights on mineral contents are negligible.
This could perhaps be called the tightness factor.

These interpretations have been made with the help of other matrix axes variations,
of which one, the next best alternative, is also presented in Table 25. It may be seen
that factors 1 and 8, 2 and 6, 3 and 7 and 4 and 5 resemble each other closely.

The strength values are relatively best explained by the second main component
(metamorphism) and by the factor of anti-orientation but many of the other main
components and factors likewise has a relatively high weight on the strength values.

In the rotated factor matrices, the properties chosen as axes of the space of prop-
erties receive a very high weight in the direction of one axis and comparatively the
weight zero in the direction of other axes. The high weights thus obtained somewhat
disturb the interpretation. In the two alternatives presented in Table 25, separate
properties are chosen as axes, but the two solutions are quite closely interconnected
likewise the other solutions calculated but not presented here.

When the different rock types studied are inspected more closely, no general
rules regarding the relations of mineral contents, texture, specific gravity or porosity
with the strength values can be found. Therefore the results will be presented only in
the light of certain examples (Table 26).
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TABLE 26
Strength of four rapakivi samples compared with mineralogical and textural properties
Place sp.gr. | L.A. | Swi. | a b c d e £ | g | n'% Q | F M| A
Elimiki . .covuevmmnennme 2.64(20.0|44.2| 4 (2| 3|4 (3|21 1.1]30(55[10 5
Pyhtid: s:xnsneysaoss s voms 2.66(24.1|41.7| 4 (3|3 | 4|43 |1] 0 30( 60|10 | —
Valkeala ..ooiessieissses 2.64(36.3|855|5[2|3|1(2|2])1]| 0.8|25(65| 5| 5
Kotka oyt 2.62139.4|77.4| 5|1 |3|4|2]|2|1] 1.1]30] 65] 5[ —

a = grain-size index, b = grain-shape index, ¢ = grain-surface index, d = contact-mass index,
e = alteration index, f = fracturing index, g = orientation index, n = 9, porosity, Q = quartz
content %,, F = feldspar content 9%,, M = mica content 9%,, A = amphiboles content 9.

When the strength test values rise and the rock becomes weaker, there is a tendency
for the specific gravity, grain-shape index (grains become more isometric and rounded)
and mica content to become lower and the grain size, porosity and feldspar content
to become greater; but these phenomena are not distinct.

From the results, it was observed that, on the average, the porosity of heavy rock
types was greater than that of light rocks — this may be true or partly due to some
error in the specific gravity results caused by the air bubbles fastened on the rough
particle surface. Now, also the specific gravity is lower and the content of feldspars
higher in weak rocks, but other changes are not seen in properties with a diminishing
strength (Table 27).

The samples for microscopical study, e.g. those presented in the foregoing two
tables, were chosen according to petrology (mineral content, grain size and orien-
tation); hence these properties might not show up in the comparisons. The strength-
inducing factor of »light mineral content», however, is seen in the form of the effect
of the feldspar content; also the factor of »tightness» is seen in the effect of specific
gravity. The weakening effect of porosity on strength was seen clearly in the group
of red granites and mica schists, the strengthening effect of specific gravity in the
group of gabbros and quartzites, and the weakening effect of grain size in the group
of gray granites, whereas the strength reducing effect of an increasing mica content
was observed in the group of pegmatites. The effects of other properties were not clear.

The effect of fracturing which obviously should have been considerable, was not
detected at all. Ramana (1969) has found that especially an increase in the relation of
intersecting transgranular fractures with intergranular fractures weakens the rock.
Gillot and Sereda (1966) report also the weakening effect on rock of residual internal
stresses, which might be reflected in the undular extinction of quartz.

TABLE 27
Strength of four mica gneiss samples compared with mineralogical and textural properties
Place sp.gr. | L.A. I Sw.i. | a b c d e f g | n9% | Q I F | M| A
Rovaniemi . .cscssssvmsass 2.80(14.4(57.2| 4| 4|3 (1| 1]|1]|3|10]|30]|25(45| —
Noormarkku . ............ 2.75116.7|142.5| 5| 2|3 |1(2]|4]2]|0 25(40)20| 15
Kemijarvi ............... 2.80(36.7(63.0) 3 2|3 (1|2]2]|3|0.4]|20]|40(40| —
RUOPIO: o5 snumsssswmnass 2.69(47.0|168.0] 5| 2(3|3|2|3[3]0.7]|30(50|15| 5
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GEOGRAPHICAL DISTRIBUTION OF ROCK STRENGTH

At the very beginning of the stone investigations, it was observed that there were
some areas with tough stones and other areas with weak stones. For instance, the
mica gneisses from Kuopio show anomalous low strength values: Los Angeles
values from 28 to 47 and Swedish impact test values from 60 to 75, whereas the normal
values for mica gneiss are around 20 and 50. Regional differences in the strength
of stones have been reported also by Grenhaug (1964) and Woolf (1953). Hobeda
(1969) has observed that the material of surficial parts of bedrock is weaker than
deeper down.

The anomalous strength values would have necessitated a thorough study of the
geology and tectonics of that area. It was not undertaken, but an effort was made to
investigate the geographical distribution of stone material strength and make com-
parisons with petrological, tectonical and geophysical maps.

Two groups of material were used. The crushed gravel material, which derives
from gravel deposits all around the country, is used altogether. It contains 1 747
samples (Fig. 4). Every gravel deposit represents on area far broader than the deposit
itself. Thus every crushed gravel sample is like a mean mixture of the rocks occurring
in the bedrock nortwest or towards the transport of glacial drift from the sampling
site.

The other group, macadam, is rather inhomogeneous; the variation of strength
values depends a good deal on the petrological composition of the sample material,
which for some reason possibly might not be typical of the area. Because in this study
only specific gravity and strength values are needed for the calculations, more samples
could be accepted than previously for the mean calculations, or altogether 916 mac-
adam samples.

These materials were first dealt with in the framework of the several districts
from which the samples originate. A second grouping was then made according to a
rectangular geographical grid, with co-ordinates as boundaries. The rectangular areas
measure about 25 by 56 km. Owing to the small number of samples from the vast
expanses of Lapland, this far northern region has been omitted from the second
study and is not marked on the maps, either.

Gravel

Every sample of crushed gravel may be regarded as an average mixture of the com-
ponents of the bedrock of its provenance. The gravel material has undergone many
stages and stresses during its transportation; it has perhaps become altered from the
character of the native bedrock; but because macadam samples are also affected by the
technical treatment (e.g. blasting) to which they are subjected, crushed gravel may
perhaps reflect the petrology of the area of its origin better than macadam does.



Kalevi Kauranne: Abrasion and impact strength of gravel and rocks in Finland 39

TABLE 28

Mean properties of crushed gravel material of different Road Building Districts

District sp.Gr. Fudhls Sw.i. Quartz Felrepae IN3: B

% % samples

TIISIMIAR . ¢ oavwns v & arovsms & 5 5 wromns & 5 @ weong o 2.68 21.9 49.3 36 50 131
TOEK o s 5 pangson s 6 s e 6 8 pramma s § 8 monaa s 2.66 22.2 48.1 42 46 185
Hime ........ ... i, 2.70 20.3 44.3 35 48 144
Bgmi o n s pumingsnammen s s smmens s mm oz 2.65 26.2 52.1 38 52 233
MIRKEN s « 5 siwne s s 50wm 85 500085 7 8 s 400055 5 2.69 23:5 50.4 34 47 120
Kuopio ... 2.70 23.3 50.9 35 47 133
Keski-Buomi: . ;s saws v snmmosssmmsass 2.68 23.3 50.0 36 50 189
NOABH 1555 o ithrct 5 = Boodrdl 8 5 BBEL: 5 2§ Bemummm = 2.68 23.7 48.5 36 46 146
Oulu .o 2.69 22.6 47.6 35 43 127
Lappi svvsmsnvsowes sy pwma sy s swmssss 2.69 27.8 58.5 41 44 71
YCATOTRT 55 6o £ 5 4 SEGE 5 5 8 cesdlon & 2 imomms v n 0 0 2.68 24.9 53.1 38 46 118
Pohjois-Karjala ...................... 2.69 25.1 50.8 36 42 48
Keski-Pohjanmaa s s wsmas s semsesss 2.70 18.6 44.7 34 45 99

The arithmetic means of the specific gravity, Los Angeles value and Swedish
impact value of crushed gravel of different districts are presented in Table 28 and in
Fig. 10.

Specific gravity does not vary much. The lowest values have been measured in
the Kymi district of southeastern Finland and the highest in the Keski-Pohjanmaa
(Central Bothnia) district on the western coast.

The weakest stones have been met with in Lappi (Finnish Lapland) and in the
Kymi district. The toughest stone material originates from the Keski-Pohjanmaa
and Hime districts.

These areas are too large to enable comparison with the petrological map of the
bedrock, which is presented after Simonen (1960), as Fig. 1.

A better possibility for this is afforded by the maps in which the land is divided
in the aforementioned rectangular areas. The material of this study is unevenly
distributed; there are areal rectangles without samples and rectangles providing
numerous samples; but still the picture of the total distribution is quite illuminating.

Figure 11 shows the distribution of the arithmetic means of the specific gravity
of the crushed gravel deriving from the various rectangular areas. No great regional
differences occur. But besides certain smaller areas of low specific gravity, there is a
larger tract along the southeastern border of the country which falls in the rapakivi
belt presented in the map of bedrock. There ate also many large elongated, areas,
running nearly north-south with a specific gravity of over 2.70; these do not closely
resemble any features of the bedrock but fall partly on schist belts containing amphib-
olites and other heavy rock types. The specific gravity distribution map resembles
in many of its features the Bouguer gravity anomaly map, Fig. 12, according to the
measurements of the Geodetic Institute of Finland. Especially the area of light gravel
overlying the rapakivi zone in southeastern Finland agrees with the negative gravity
anomaly, compare Veltheim (1962), Puranen (1963) and Laurén (1970). Close to
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Fic. 10. Mean abrasion resistance, brittleness and specific gravity of
gravels of different Road Building Districts.

Ylivieska and in the area west of Helsinki there also occurs a faint correlation of
heavy gravel with the positive gravity anomaly.

Figure 13 presents the distribution of the mean Los Angeles values (abrasion
resistance) of the crushed gravel material. It resembles the specific gravity map in
the form of the anomalies. The area of weak stones in the vicinity of Kouvola falls in
the rapakivi belt referred to. The large area of weak material on the eastern border
of the country falls partly on the Karelian schist belt and on the gneiss area on its
eastern side. The areas of tough stone material around Tampere and Ylivieska fall
on the heavy areas of the specific gravity map. Compared with the bedrock map,
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Fic. 11. Geographical distribution of specific gravity of gravel.

they lie on areas rich in amphibolites, phyllites and gabbros. This may be the reason
for these anomalies, but perhaps not altogether. The northwest-southeast elongation
of the anomalies may also reflect the transporting action of glacial ice; the axis of the
anomalies falls nearly on the direction of the striae. The area of gravel pootly resistant
to abrasion in the southeastern border zone falls on a negative gravity anomaly, but
only a curved corner of tough gravel northeast of Ylivieska falls on the positive
gravity anomaly.

Figure 14 present the distribution of the mean Swedish impact values (brittleness)
of the crushed gravel. It resembles both the specific gravity map and still more that

6 10605—70
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Frc. 12. Bouguer gravity anomalies (mgal), Institute of Geodesy of Finland.

of abrasion resistance. The tough material is situated in the same areas as is the
abrasion-resistant material in Fig. 13. The weak stone material is met with in the
southeastern and eastern border areas of the country. Again the same observations
are valid as before, in making comparisons with the gravity anomaly map. There is
a distinct narrow zone of weak material running northsouth from Oulu to the sur-
roundings of Jyviskyld, central Finland. This anomaly cannot be interpreted by
comparison with the petrology of the bedrock. It falls partly on the long and narrow
Lake Piijanne, which is situated in a fracture zone of bedrock, and the anomaly
follows the valley further north along the course of the ancient lake Piijinne and its
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Frc. 13. Geographical distribution of abrasion resistance of gravel.

outflow channel, where there are now smaller bodies of water as remnants of the great
lake.

Figure 2 presents the major fault lines in the bedrock, Mikkola and Niini (1968);
the map is made on the basis of geological and photogeological observations. This
map shows neither the detailed fracturing of the bedrock nor the areas of intensive
tectonic disturbances, but the number of fault lines still gives a picture of the
tectonization of the country. The same fault lines are presented is statistical form in
Fig. 15, which may be easier to compare with the strength anomaly maps. This
tectonical map better resembles the maps showing the strength of crushed gravel
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than does the map of the bedrock, although the specific gravity map, which may be
assumed to be a simplified presentation of the bedrock petrology, closely resembles
the strength maps. The close regional correlation of brittleness of gravel and fracturing
of bedrock shows that the forces which led to the faulting of bedrock also caused the
internal stresses and cracking of mineral grains (cf. Paulmann 1966). The regional
properties of bedrock are reflected in the nature of gravel in bulk as well as in the
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In the fault line map, thete is a large area with a few faults around Ylivieska, an
area with numerous faults along the southeastern border and a small narrow area
with many faults close to Jyviskyld. All of them agree well with the strength maps.
However, the agreement is not complete. For there is also an area with a few faults
along the eastern border of the country, which falls on an area of weak stone material

and an area with many faults in the neighbourhood of Tampere, which falls on the
area of strong stone material.
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Fic. 16. Aeromagnetic total ficld anomalies, Geological Survey of Finland.

The aeromagnetic vertical anomaly map (Fig. 16) made by the Geological Survey
of Finland shows both the distribution of basic igneous and metamorphic rocks, like
gabbro and amphibolite, and also that of pyrrhotite containing phyllites. The first
two rock varieties are tough while the third is weak. Phyllites of this kind are mostly
met with in the Karelian schist belt of eastern Finland but also in the area northeast of
Vaasa. The greatest thrust faults are also seen in this map as geophysical accidents
(Paarma 1964). The strength maps closely resemble this anomaly map, too. Especially
the anomaly reaching from Tampere southwards may be interpreted by means of the
magnetic anomalies showing the distribution of amphibolites.

It must be stated that neither the petrology nor the tectonics of the bedrock alone
can show the distribution of strength of the stone material, but they must both be
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TABLE 29
Correlation of regional distribution of the properties of gravel and bedrock
L.A. Sw.i. gravity faults
EINEE. wrsomndinl om0 b A 8 Rl 8 o R —0.31 —0.32 —0.27 0.10
BAOIES: a0 00 0 s 0w w6 e 0.04 0.16 —0.31
BIAVILY wms oo wms s ow ss & waimies 5 anm 0.04 0.01
NP, mscmmosiesomemymsn oo B 2 243/ i pen S % o 0.51

taken into account when considering the reasons for the strength anomalies. Further-
more, effect of transportation by glacial ice is reflected in the elongated form of the
anomalies.

The conforming of the regional distribution of the strength of gravel and fault
number and gravity of bedrock in the maps presented was studied by calculating the
Pearson correlation coefficients of the mean values of properties in the rectangles.
The result is given in Table 29.

In the chapter dealing with the strength of different rock types, the correlation of
strength values is shown to depend on petrology. It also depends on local geology,
or, it might be better said, on the common effect of petrology and tectonics.

The correlation coefficients of the technical properties of crushed gravel material
from different Road Building Districts are given in Table 31. Those of specific gravity
and strength values are also presented along with the regression coefficients, in
Table 30.

The correlation coefficients of the strength values vary from 0.35 to 0.75, all
being positive. The greater the strength values (weaker stone materials) are, the
greater would seem to be the angle of the regression line. The correlation coefficients
of strength and specific gravity are negative and rather small.

TasLE 30

Dependence of correlation of strength values of crushed gravel on regional differences (r = Pearson
correlation coefficient, ¢ = linear regression coeflicient)

Diisisict L.A.[Sw.i. L.A./sp.gt. Sw.i./sp.gr.

r q r q r q
VNSINAE « 5 amei 75 seims v 5 saeses amaas s s 0.50 0.23 —0.28 —28.4 —0.41 —91.4
TR «.v v v wwioe oo i mo soammere s o oo oes s 0.46 0.20 —0.26 —19.4 —0.02 —02.8
HEME 5 o0 wmsnss same 5 s vavsws o sisms 3 0.45 0.18 —0.29 —26.5 —0.30 —69.0
) e R L L - TTLE 0.48 0.23 —0.31 —20.5 —0.19 —26.8
Mikkeli..ooovrvinnii i 0.35 0.12 —0.12 —14.2 —0.09 —29.9
RRMOPI0 = ¢ s warse s 5 s o 8 a6« o 40sms & b 0.67 0.37 —0.40 —68.3 —0.31 —96.7
Koeski-SUBTL. .. ¢+ sati6 v 4 sommeig s 5maes ¥5 0.37 0.16 —0.11 —11.4 0.06 —14.2
Vaasa ...vvnin i 0.39 0.14 —0.01 —01.5 —0.11 —34.5
O 66 5 mmwsn 5 wmmsss s & REws & 4 BBITE oo 046 0.70 0.30 —0.34 —22.3 —0.10 —21.6
TABPI o v smonmnst'ns § inbiclitie 35 Siasieios e esfn. 4 9.3 0.75 0.62 —0.51 —74.2 —0.43 —76.2
KRIOME & simers 6 v s v s weimsi s @ Savess v 8 51 0.39 0.17 —0.24 —28.7 0.19 52.2
Pohjois-Katjala «:ms.ss sammns o5 smwe s o 0.64 0.22 —0.44 —54.2 —0.16 —57.9
Keski-Pohjanmaa .................... 0.64 0.23 —0.18 —15.5 —0.21 —51.4
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TasrLE 31

Correlation and regression coefficients of the technical properties of crushed gravel in different
districs of Finland

1 a b c d e 2 a b & d e
a 1 0.50 — 0.11 — 0.22 — 0.28 | a 1 0.46 — 0.02 0.26 — 0.26 | a
b 0.2 1 0.19 0.19 — 0.41 | b 0.2 1 0.39 0.40 — 0.02 |b
c| — 4.1 16 1 0.44 0.03 | c|— 0.7 32 1 0.38 0.14 | ¢
d| — 3.0 5.7 0.2 1 0.33 | d 4.3 15 0.18 1 — 0.01 (d
e| —28 —9I1 0.1 2.5 1 e| —19 —28 0.3 — 0.07 1 e
3 a b ¢ d 8 4 a b c d e
a 1 0.45 .01 — 0.05 — 0.29 | a 1 0.48 — 0.09 — 0.35 — 0.31 | a
b 0.2 1 .34 0.37 — 0.30 | b 0.2 1 25 — 0.002— 0.19 |b
c 0.5 34 0.27 0.06 | c| — 2.6 16 0.35 0.09 | c
d| — 0.¢ 13 1 — 0.09|d | — 54 —0. 1 0.12 |d
e| —26 —69 0.6 1 e | —20 —27 0.5 1 e
5 a b d e a b d ¢
a 1 0.35 0.34 — 0.12 | a 1 0. 0.15 — 0.40 | a
b 0.2 1 0.45 — 0.09 | b 0.4 1 0.36 — 0.31 |b
c 1.9 45 0.35 — 0.11 | ¢ | —13 20 0.21 0.20 | ¢
d 3.3 13 1 — 0.11 | d 25 11 1 0.01 |d
e| —14 —30 1.3 1 e | —68 —97 0.1 il e
7 a b d e a b d e

a
a 1 0.37 0.13 — 0.11 | p 1 0. 0.18 — 0.01 |a
b 0.1 1 0.40 — 0.06 | ¢ 0.1 1 0.48 — 0.11 | b
c|l — 83 69 0.41 0.12 | g | —20 19 0.11 0.21 | ¢
d 2.0 15 1 0.09 | ¢ 1.9 14 1 — 0.09 |d
e| —11 —14 0.6 1 — 1.5 —35 0.9 1 e
9 a b c d e 10 a b I d e
a 1 0.70 — 0 — 0.18 — 0.24 | a 1 0.75 — 0.24 — 0.42 — 0.51 | a
b 0.3 1 — 0. 0.001— 0.10 | b 0.6 ) 0.05 — 0.10 — 0.43 | b
c| —24 22 1 0.47 0.33 | ¢ | — 2.0 5.1 1 .71 0.23 | ¢
d| — 2.8 0.02 0.1 1 0.39 | d | — 9.8 — 2.9 0.2 1 0.40 |d
e| —22 —22 0.5 2.4 1 e | —74 —76 0.4 2.5 1 e
11 a b c d e 12 a b € d e
a 1 0.39 — 0.18 — 0.18 — 0.24 | a 1 0.64 — 0.22 0.10 — 0.44 | a
b 0.2 1 — 0.16 0.16 0.19 | b 0.2 1 — 0.09 0.24 — 0.16 |b
c| — 9.6 —20 1 0.22 0.09 | c| —13 —15 1 0.35 0.20 | ¢
df — 2.5 4.8 0.1 1 — 0.10 | d 1.5 10 0.1 1 — 0.25 |d
e| —29 52 0.2 — 0.9 1 e | —54 —58 0.4 — 2.1 1 e
13 a b c d e a b c d e
a 1 0.64 — 0.25 0.38 — 0.18 | a
b 0.2 1 0.02 0.49 — 0.21 [ b
c| —12 2.2 1 0.20 0.04 | ¢
d 4,5 16 0.1 1 — 0.40 | d
e| —16 —51 0.1 — 2.9 1 d

a b c d €

a = abrasion resistance (L.A. value), b = impact strength (Sw.i. value), ¢ = flakiness, d — elon-

gation, e = specific gravity, 1 = Uusimaa, 2 = Turku, 3 = Hime, 4 — Kymi, 5 = Mikkeli,

6 = Kuopio, 7 = Keski-Suomi, 8 = Vaasa, 9 = Oulu, 10 = Lappi, 11 = Kainuu, 12 — Pohjois-
Katjala, 13 = Keski-Pohjanmaa.
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Frc. 17. Regression of strength values (L.A. and Sw.i. values) of gravel
in different Road Building Districts. O = arithmetic mean of values.

When the linear regression functions are formed the arithmetic means of the
properties can be taken from Fig. 7. Regression lines of strength values of different
districts are presented in Fig. 17. According to Table 14 the regression coefficients
of strength values in igneous rocks are smaller than those in metamorphic rocks. The
strength value regression line thus also reflects the amount of igneous or metamorphic
rocks in the gravels of the district. For example in the gravel of Kuopio district
metamorphic rocks and of Keski-Suomi igneous rocks predominate.

7 10605—70
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Fic. 18. Mecan abrasion resistance, brittleness and specific gravity of
bedrock materials of different Road Building Districts.

Macadam

The macadam samples included in this study represent only the site of their origin.
Yet, the mean values of their properties may give an idea of the regional geological

features.
The heaviest macadam material (Fig. 18) comes from the Hime and Kuopio

districts and the lightest from the Kymi district. The heaviest gravel was met with

in the Keski-Pohjanmaa district (see Fig. 10).
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The weakest macadam samples come from the Kymi district and the toughest
from the Keski-Pohjanmaa district. The weakest gravel, again comes from Lapland.

In Lapland, where the center of the continental ice sheet stood, a thick mantle of
weathered bedrock was left in places. The crushing action of the moving ice mass had
been much less marked there than in the southern parts of Finland. This is still apt to
be reflected in the nature of the gravel, which contains partly weathered material
from the upper part of bedrock. The macadam samples studied had not undergone
weathering, the material for road building having been chosen with this in view.
The glacial till in Lapland contains more weathered material than the tills occurring
in central and southern Finland (e.g. Kauranne 1957). Eskers contain the same
material, transported and sorted by glaciofluvial streams which ground most of the
weak material to finer fractions of drift, but the partly weathered material seems to
have been left also in the largest grain sizes of gravel.

When the strength values of crushed gravel and macadam material of various
districts are compared, it becomes apparent that in every district except Lappi the
crushed gravel is tougher than the macadam.

Yet, it might be assumed that the stones and gravel particles of glaciofluvial
deposits are sound, inner cores of boulders and stones enriched by natural crushing
forces. In the macadam over 5 9 of the samples have a specific gravity of over 2.80,
in gravel only 0.6 %,. This must be due to the crushing of basic rock varieties by
natural forces (Kauranne 1970). The material of heavy rock types is found in the
finer fractions of the drift (Soveri & Hyyppid 1966). It might also be assumed (Okko
1967) that the glacial erosion of hard rock varieties composing hills had been greater
than that of valleys consisting of faulted and weathered rocks (cf. Niini 1968), thus
reflecting in the composition of gravel.

Figure 19 shows the distribution of the mean specific gravities of the macadam in
the various rectangles. The differences are quite small. The area near Kouvola of
light material is due to rapakivi in the bedrock. There is also heavier than average
material situated in the neighbourhood of Ylivieska, resembling that in crushed
gravel (see Fig. 11). Heavy material likewise occurs in the vicinity of Tampere and
to the south as well as between Jyviskylid and Kuopio, where it has the features of the
material of crushed gravel.

Figure 20 presents the mean Los Angeles values obtained for macadam material.
The same anomaly features as appear in the map showing the Los Angeles distribution
of values for crushed gravel (see Fig. 13) are to be seen here. There is another area
of weak material reaching from Vaasa southeastwards. This may be caused by the
light gray, coarse-grained, weak Vaasa granite, which occurs on both sides of the
Bothnian (Svecofennian) schist belt (see Fig. 1). The dark gray, coarse diorites west of
Jyviskyld also come out as a smaller area of weak material. Coarse and medium-
grained (loose) mica gneisses likewise influence the aspect of the map, causing an
area of weak material around Kuopio.
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Fi1c. 19. Geographical distribution of specific gravity of bedrock material.

There is an area with a slightly tougher material than the average extending from
the neighbourhood of Tampere towards the western coast, which in other maps
appears as two separate zones. The number of observation points on the map is so
small that the way they are connected and the anomalies formed must largely be left
to the imagination.

Figure 21 presents the mean Swedish impact values of macadam material. This
picture closely resembles that of abrasion resistance, there is even the small
area of tough material southeast of Mikkeli. A corresponding area close to Tampere
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Fig. 20. Geographical distribution of abrasion resistance of bedrock material.

lies some 50 km farther west; this feature resembles that shown by the distribution
of brittleness of crushed gravel (see Fig. 14).

It may be stated that the maps representing the brittleness of crushed gravel and
macadam and the maps representing the abrasion resistance of crushed gravel and
macadam are more alike than are the maps representing the abrasion resistance and
brittleness of macadam and the ones representing the abrasion resistance and brit-
tleness of crushed gravel. Thus it is not only the type of material but the kind of
toughness which determines the strength distribution.
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FiG. 21. Geographical distribution of brittleness of bedrock material.

Comparison with the gravity map shows that the correlation between the gravity
anomalies and the strength of macadam closely follows that of gravity and the strength
of gravel. The same observations of agreement between magnetic anomaly and fault
line distribution maps and the macadam strength maps may be made as in case of
crushed gravel.

The present study did not afford any possibility for detailed investigation of the
transport of glacial debris. The material of the eskers was transported first by glacial
ice — perhaps in different directions in several stages (Donner 1953, Kauranne and
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Tynni 1961, Korpela 1969) and then by meltwater streams. The main part of the
material was transported 27 to 47 km, as calculated from the difference between the
limits of the anomalies of gravel and bedrock material. The distance the material
travelled by the glacial till is on an average only 1 to 5 km (Okko 1941, Kauranine
1959), but some individual rocks may have been transported tens or hundreds of
kilometers (e.g. Simonen and Kouvo 1955). The difference in the distance travelled by
the glacial till and the esker material washed from it is, according to Hellaakoski
(1931), about 5 to 10 km. Matisto (1961) reports that the material composing the
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eskers west of Tampere was transported from 10 to 14 km, from its source in bedrock,
the direction of transport depending on local topography and the distance on the
petrological nature of the material. In northern Lapland the transport distance aver-
aged between 25 and 35 km (Mansikkaniemi 1970).

Lithological analysis of crushed gravel samples (fraction 11.3—18 mm) corre-
sponding to stone counts in the field also offers a possibility for the study of transport.
Figure 22 shows the mean amount of mica schist and phyllite in gravel samples taken
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TABLE 32
Correlation of the regional distribution of the properties of macadam and bedrock
L.A. Sw.i. gravity faults
BDVPE: i m s G s 4 s bR B K RS —~0.38 —0.21 —0.17 —0.12
FAVES: o v waca avanirestones sors mromwiei s sxasmvssis o 6 s sesors 0.09 0.14 —0.28
EIAVILY oo ¢ mowgiares pominse vs putes 55,58 0 —~0.03 —~0.05
WL s snon e s A s 5 AT S SEGE 35 0.65
TABLE 33

Correlation of regional distribution of technical properties of gravel and macadam

Gravel sp.gt. L.A. Sw.i.
MaCadalint oism 7516 5 i m0ioe 59055 26 5T0500 S8 RS #i s
] o2 5 P 0.31 —0.38 —0.17
LA e —0.04 0.45 0.24
SWaly cunms swes SAETE LRRS N O RESTE A G0N SR EE —0.10 0.28 0.36

from the rectangular areas and also the mean amount of amphibolite in them (figures
in circles). The mica schists and phyllites (see Fig. 1) were transported south- or
southeastwards from their deposits in bedrock. The distance of transport of the mica
schists, e.g., south of Tampere, is about 40 km. Figure 23 shows the percentual
amounts of ovoidal rapakivi, gabbro and diabase as well as sandstone (in circles).
It may be noticed how sandstone was transported from its source around Pori (on the
coast west of Tampere) toward the southeast; but sandstones are also met with in
considerable amounts along the western coastal area, thus confirming the theory
of Veltheim (1962) of the occurrence of sandstones at the bottom of the Gulf of
Bothnia.

The factor analysis made of these geographically divided materials did not bring
to light any new, sought-after geological factors, but it did produce the already known
strength inducing factors, namely that of petrology and that of crushing (Kauranne
1970).

The comparison of the maps by applying Pearson correlation coefficients gave
the following results (Table 32).

The correlation of the regional distribution of the properties of gravel and that
of macadam were also calculated, the correlation coefficients being given in Table 33.

The values are rather low, although the visual correlation of maps is rather good.

According to Wennervirta (1968), the best method of making comparisons
between areas is to calculate the median, the arithmetic mean, the degree of symmetry
of the distributions and the correlation coefficients of the properties. This was not
done because of the great variation in the number of samples in different rectangles.

8 10665—70
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SUMMARY AND CONCLUSIONS

The present study is based on the results of aggregate investigations. Materials
used for bituminous surfacings are of two different kinds: the macadam blasted directly
out of bedrock and the gravel taken from sedimentary deposits. From the over 5 000
samples studied 2 663 were chosen for the present study.

The properties determined in the laboratory are: abrasion resistance (Los Angeles
test), brittleness (Swedish impact test), particle form, specific gravity, grain size and
lithological or petrological nature of aggregate. The laboratory tests, with the excep-
tion of the specific gravity determination, are rather inaccurate, the analytical error
varying from -3 to 4-13 9, (Kauranne 1970).

The pretreatment, mainly granulation, affects the results. The present study
deals only with samples granulated in field crushing plants. The material should
therefore be rather homogeneous. The test results were treated statistically to minimize
the effect of the analytical error in the drawing of conclusions. Strength and the
mineralogy of stone material are directly interdependent. An increase in the feldspar
content makes stone weaker. The results of the investigation indicated that also an
increase in quartz content tends to have a similar, if slighter, effect. The studies
prove that an increasing amount of mica makes stone tougher — which does not
mean that it would make it more suitable as aggregate because the intensive cleavage
of mica bundles is liable to cause rapid disintegration of bituminous surfacing. The
laboratory methods used do not in this respect simulate the strain to which stone
material is subjected and do not answer the needs of the study of aggregate durability.

An increasing content of amphiboles makes stone tougher and of calcite, weaker.
Increasing porosity makes stone weaker, on the average, but there are also exceptions
to this behaviour in the group made up of gabbros and amphibolites. Microscopical
study confirms the observations relating to the role of different minerals on the
strength of rock.

The microscopical study of the effect of textural properties on the strength of
road-building stone yielded the information that rock types with elongated angular
grains are tougher than rocks with isometric rounded grains. The other textural
properties investigated — grain surfaces, contact mass; alteration, fracturing and
orientation — did not have any marked effect on strength. The results of micro-
scopic study as a method of rock strength classification were not encouraging.

The regional distribution of specific gravity in gravel reflects the petrological
composition of bedrock: the gravel occurring in areas of coarse rapakivi and granite
has a sub-average specific gravity, whereas in areas of abundant gabbros and
amphibolites it has an above-average specific gravity. The map representing the
specific gravity of macadam may be taken as a simplified representation of the pe-
trology of bedrock. The mean strength of the stone material in areas of above-average
specific gravity is greater and, correspondingly, the strength of the material in areas
of lower specific gravity is below average. The regional distribution of strength of
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material both of sedimentary origin and blasted directly out of bedrock is highly
similar, although sedimentary material is somewhat tougher.

Also the map representing gravity and the one of the magnetic vertical ficld could
be comprehended as simplified representations of bedrock petrology. The negative
gravity anomaly in the southeastern border zone of Finland conforms with the area
of weak material, whereas the high magnetic anomalies extending from Tampere
southwards and that in the vicinity of Ylivieska correspond to the areas of tough
macadam and gravel. A moderate correlation thus exists between these and the
strength maps.

A better correlation nevertheless exists between the strength maps and the map
showing the regional number of faults. The area of numerous faults in the south-
eastern border region, like the region of Central Finland, corresponds to the areas of
weak stone, and the area of few faults on the northwestern coast to the area of tough
stone material. This points out that the regional stresses and strains of bedrock affect
to the smallest units of rock, minerals, and are reflected also in gravel derived from
the rock ground of the area.

The coefficients of correlation between mean specific gravities, abrasion resistance,
brittleness of both gravel and macadam and fault number or gravity of bedrock of
the small rectangular geographical areas are low, although the agreement between
the maps is rather good. This shows that the calculation of correlation coefficients
does not suit the study of regional distribution correlations.

The location and form of the anomalies in macadam reflects the tectonical and
petrological character of bedrock. The difference between macadam and gravel with
respect to anomaly form and location depends on the glacial and glaciofluvial transport
of the stone material. The distance has been estimated to be some 30 to 40 km south-
eastwards.
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Plates 1 and 2. Microphotos of tested macadams, crossed nicols, magnification 16 x

Key to the plates:
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a = grain size mm, b = grain-shape index, ¢ = alteration index, d = fracturing index, e = orien-
tation index, n = porosity %,.

Rock 1 = isometric quartz (and feldspar), elongated oriented mica.
Rock 2 = slight alteration of feldspat.

Rock 3 = heavy alteration of minerals.
Rock 4 = elongated fractured grains, undular extinction of quartz.

Rock 5 = elongated oriented grains, high degree of porosity.

Rock 6 = large isometric angular grains.
Rock 7 = rounded quartz, sericite mass between quartz grains.

Rock 8 = weakest rock found in Finland.
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Plate 2
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