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Abstract Slates from North Western Spain have been
studied to establish the influence of the cleavage orientation
on the uniaxial compressive strength (UCS) and Young’s
modulus (E). Slate, sandstone and intercalated slate/sand-
stone lithologies were tested and the higher strengths were
always obtained when the load was applied parallel, or close
to parallel, to the slaty cleavage. This study suggests the
following empirical relationships for unweathered slates in
saturated conditions UCS = 0.0374> — 7.622(f + 200.6,
E x 10* = 0.0024% — 0.134 + 3.453. E can be estimated
from UCS values using E x 10* = 429,56 (UCS)**'*%,
These empirical equations will assist in geotechnical studies
in this area of NW Spain where slate quarrying is an
important industry.

Keywords Cleavage - Slates - Uniaxial compressive
strength - Young’s modulus - Casaio formation

Résumé Des ardoises du nord-ouest de I’Espagne ont été
étudiées afin de mettre en évidence l'influence de la
direction du clivage ardoisier sur la résistance a la
compression simple (UCS) et sur le module de Young E.
Des ardoises, des gres et des matériaux mixtes avec
intercalations de lits gréseux et de lits d’ardoise ont été
testés et les plus fortes résistances ont toujours été obtenues
lorsque I’axe de chargement mécanique était paralléle ou
sub-parallele a la direction du clivage ardoisier. Cette
étude conduit a proposer les relations empiriques suivantes,
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pour des ardoises saines et saturées: UCS = 0,037
B> — 17,6228 + 200,6 et E x 10* = 0.0024> - 0.134f +
3.453. E peut étre estime a partir de UCS par la relation:
E x 10* = 429,56 (UCS)*'*2. Ces relations empiriques
peuvent apporter une premicre aide dans la résolution de
problemes géotechniques dans cette région du NW de
I’Espagne ou I’industrie ardoisiere joue un role important.

Mots clés Clivage ardoisier - Ardoises -
Résistance a la compression simple - Module de Young -
Formation de Casaio

Introduction

This study shows the relationship between cleavage
anisotropy, uniaxial compressive strength and Young’s
modulus for some slates from the northern border of Spain.
These are important properties of metamorphic rocks with
a high linear anisotropy in an area where there are a large
number of quarries. Rock samples taken from the Truchas
Syncline (NW Spain) were examined in the laboratory and
their uniaxial compressive strength (UCS) and Young’s
modulus (E) values determined.

A number of research papers have described foliated rocks
and related orientation with rock strength (e.g. Ramamurphy
et al. 1993, Hawkins 1998; Bell 2000; Singh et al. 2002).
Sachpazis (1990) has suggested formulae relating UCS and
E for 33 lithological units including marble, limestone and
dolomite, which has been applied in this study to slates.

Location and geology of the study area

Slates from the Casaio area in the south western zone of the
Truchas Syncline in NW Spain (Fig. 1) have been examined.
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Fig. 1 Location and geology of the study area (Arias et al. 2002)

The Truchas Syncline is located in the Centroiberian Zone of
the Iberian Variscan Belt (Lozte 1945; Jullivert et al. 1972;
Farias et al. 1987; Arias et al. 2002).

During the Ordovician and Silurian, a marine basin
existed in the Truchas area in which mudstones and
sandstones accumulated. Subsequently, the mudstones
were metamorphosed to slates and the sandstones to
quartzites. A typical profile is given in Fig. 2. Uncon-
formably overlying the Silurian rocks are Tertiary and
Quaternary deposits.

Thin section examination of the slates indicated a good
slaty cleavage in the fine-grained rocks, rough or spaced
cleavage in the more silt-rich rocks and crenulations in
some of the slaty material. The presence of chlorite as the
main metamorphic mineral indicated that the rocks have
experienced a low grade of metamorphism with tempera-
tures of around 400°C and pressures of 300 MPa (Mesa
Lépez-Colmenar 2003).
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Fig. 2 Profile showing sampled lithologies
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Fig. 3 Different lithological samples from the slates of the Casaio
formation

The fine slate (C2 in Fig. 3) has been studied under the
optical polarizing transmission and reflection microscopes.
The mineralogical composition was recorded as muscovite
(40%), quartz (35%) and chlorite (15%) with opaque
minerals including magnetite, ilmenite, chalcopyrite, pyrite
and sphalerite (7%) as well as plagioclase (2%) and
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Fig. 4 Relationship between UCS value and orientation of the
cleavage of the five different lithological types (Table 1)
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Table 1 UCS test results for

the five lithological types Slate type B © H/D Uniaxial compressive strength (MPa)
Maximum Minimum Average Standard deviation
Cla 0(5) 2.59 92.1 44 57.08 32.85
10 (5) 2.02 48.9 37.3 41.48 4.97
25 (5) 1.33 32.98 13.69 23.66 8.94
35 (5) 1.48 23.27 13.22 18.83 3.71
45 (3) 2.17 27.8 6.7 20.63 12.07
60 (3) 1.82 14.1 9.78 11.62 223
90 (6) 2.62 105.6 71.2 86.35 14.37
Clb 0(5) 2.30 151.6 132.8 143.60 6.84
10 (5) 2.25 102.3 339 78.9 31.93
25 (5) 2.0 55.6 31.37 41.51 9.17
35 4) 1.47 33.1 154 24.10 8.13
45 (2) 2.33 24.1 16.5 20.30 5.37
90 (5) 2.26 151.5 92.3 116.94 23.06
C2 0 (5 2.34 132.7 25.5 70.1 39.88
10 (5) 2.24 126.1 53.1 95.36 35.67
25 (5) 1.87 28.95 10.79 18.42 7.66
35 1(5 1.22 48.5 23.57 24.41 10.80
2 (5 2.48 25.0 17.7 22.02 3.35
45 1 (4) 1.49 25.29 18.81 21.45 2.77
2 (5 2.26 13.2 6.9 10.75 2.75
60 15 1.93 10.83 3.87 8.36 2.89
24 2.19 134 6.38 13.39 6.03
90 (5) 2.60 131.2 39.6 73.64 39.58
C3 0(5) 2.67 109.8 48.8 72.36 23.50
10 (5) 2.36 75.6 36.8 58.32 15.88
25 (5) 1.83 37.52 14.97 23.35 10.30
35 (5) 1.47 40.78 23.56 27.92 7.32
45 1 (5 1.31 31.16 20.33 24.12 4.26
2 (3) 2.27 14.2 10.1 11.8 2.14
60 14 1.30 20.23 15.25 16.81 233
23 2.30 26.7 22.5 2443 2.12
90 (5) 2.59 97.2 34.5 57.56 24.35
C4 0(5) 2.65 100.4 9.3 60.94 33.19
10 (5) 1.9 44.54 2.33 26.15 20.77
25 (5) 2.75 41.0 13.19 28.63 10.19
35(5) 1.31 20.63 10.2 16.21 3.26
The number of samples tested at 45 (6) 1.05 29.08 18.20 23.15 4.48
each orientation shown in 90 (5) 261 1079 10.3 50.18 35.88

brackets

tourmaline, zircon and organic matter together <1%. The
largest grain size was <0.3 mm for some rounded chlorite
minerals while quartz and muscovite were gener-
ally <0.1 mm. Some silty/sandy material in 1.7-2.3 mm
thick bands occurs occasionally, related to the original
bedding stratification. The microstructure was established
using the Bastida et al. (1984) and Passchier and Trouw
(1996) criteria for slaty cleavage in slate material and
rough cleavage in the silty sand deposits.

Material and methodology

Samples (200 x 200 x 200 mm) were taken from differ-
ent lithological levels in a quarry situated in the Casaio
Formation on the southern limb of the Truchas Syncline
(Fig. 2).

The Casaio Formation in the quarry outcrops as layers of
quartzite, fine grained black-grey slate (C2), silty grey slate
with millimetre sized nodules of quartz and sulphur
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mineral concretions (C3) and grey slate with millimetre
intercalations of sandstone 3—5 mm thick (C4). The C1 unit
is divided into two: Cla when the stratification/bedding is
at an angle of <20° to the cleavage plane and C1b when the
stratification is vertical and the cleavage planes oblique
with angles of 50° or higher (Rodriguez Sastre 2003).

As indicated by Brown et al. (1977), the rock strength
obtained varies significantly with the relationship between
the orientation and the cleavage. In this study, rock samples
were tested at different orientations—0, 10, 25, 35, 45, 60
and 90° (Fig. 4).

All tests were undertaken on water saturated rocks.
Although it was intended to undertake the tests on the NX-
sized rock cores with a length: diameter ratio of 2.5:1
following ISRM (1981), as seen in Table 1 in fact there
was a considerable variation in the height:diameter ratio
which ranged from 0.15 to 2.75:1; this may well have
affected the uniaxial compressive strength (UCS) and
Youngs modulus (E).

Test results

Of the 43 block samples taken from the study area, 16 were
fine slates, 14 were silty slates and 13 were slates with
sandstone intercalations. On these, 175 uniaxial compres-
sive strength (UCS) tests were carried out at the different
orientations mentioned above. The variation of UCS with
orientation angle (f) for all the slates is depicted in Fig. 4.

As seen in Table 1, the UCS values for the slates varied
between 4.4 and 151.6 MPa. The average values are when
the orientation was at 0 and 90° to the cleavage and the
minimum at 60°. The highest values were for the slates
with sandstone laminations perpendicular to the main
foliation plane (C1b) and lowest for the fine slate (C2).
When correlation between UCS and the orientation plane
of the anisotropy was made, it was found that the best fit
line was for the polynomial equation (Table 2). These
results are consistent with those obtained by Brown et al.
(1977) on slate samples from Delabole Quarry in south
west England.

Table 2 Statistical results relating average UCS and angle of ori-
entation of the cleavage

Sample Equation correlation (average UCS/S (°)) R?

Cla UCS = 0.0284%—2.28 + 60.54 0.94
Clb UCS = 0.05347—5.008 + 135.99 0.98
C2 UCS = 0.0324°—3.078 + 89.91 0.73
C3 UCS = 0.0234°—2.24p + 73.87 0.94
C4 UCS = 0.0174>—1.558 + 52.87 0.82
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A further series of tests were undertaken on another 16
samples of fine slates (C2) to determine the uniaxial
compressive strength (UCS) and Young’s modulus (E)
relative to the orientation of the cleavage (Figs. 5,6). In this
case the two samples were tested for each orientation of
cleavage. It was found that the UCS values ranged between
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Fig. 5 Relationship between UCS value and orientation of the
cleavage for C2 (fine slates)
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Fig. 6 Relationship between Young’s modulus and the orientation of
the cleavage for C2 (fine slates)
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Fig. 7 Relationship between UCS and E values for C2 samples
compared with the values for volcanic rock reported by Dinger et al.
(2004)

8.2 and 230 MPa whereas the Young’s modulus varied
between 3.5 GPa at 60° to 63.3 GPa when the stress was
parallel to the cleavage (indicated as 0° in Fig. 7), and
higher than those values reported by Dincer et al. (2004).

Figure 8 presents the relationship between UCS and E in
this study and the points from the empirical relationships
proposed by Sachpazis (1990). Table 3 shows the equa-
tions proposed to relate £ and UCS with the regression
coefficient (R* = 0.68-0.90).

Discussion

Considerable differences are seen between the uniaxial
compressive strength test results for the same lithologies
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Fig. 8 Comparison of UCS and E values for C2 samples obtained in
this study and those reported by Sachpazis (1990)

Table 3 Correlation of UCS and Young’s modulus for the C2
samples

Type of model Equation correlation (E/UCS) R?

Lineal E = 273.01 (UCS) + 1651.4 0.739

Logarithmic ~ E = 11541 Ln(UCS) —25724 0.687

Polynomial E = —1.1789(UCS)? + 426.03 (U)CS— 0.751
1149.5

Power E = 429.56 (UCS)**12 0.900

Exponential ~ E = 4249.7¢ *0188(VCS) 0.738

(C2) due to the high planar anisotropy present in these
rocks. As can seen from Fig. 8, the values obtained by
correlations proposed by other authors were similar to
those observed in this study. This different levelling out of
the results from Sachpazis can be explained by the wide
variation in UCS values of the slate samples with orien-
tations of 0 or 90° and the lower and closer UCS and E
values obtained with inclinations of between 25 and 60°.

For the slates of the Casaio Formation the following
empirical relationships have been derived between the
UCS, E and orientation angle (f) of the cleavage of
unweathered slates in saturated conditions:

UCS = 0.07278> — 7.6219 f + 200.6
E x 10* = 0.00158% — 0.1344f + 3.4533.

E can be estimated directly from the UCS value using the
relationship:

E x 10* = 429,56 (UCS)*"'*.

Conclusions

By definition, slates are anisotropic. This work has sepa-
rated four different types of slates depending on whether
they contain sandstone or silt layers and whether they have
inclusions. A study of the unconfined compressive strengths
relative to various orientations of the cleavage has been
undertaken. The highest UCS values were obtained when
the cleavage was at right angles to or parallel with the
applied stress, as expected. Whilst this is true for all the
slates tested, it is particularly noticeable for the fine-grained
slate (C2) which has strengths as low as 3.8 MPa at 50-60°
but as high as 230 MPa parallel to the cleavage.

Comparing the UCS and E values obtained with those of
Sachpazis (1990), it is noted that above 50 MPa the slates
of the Casaio Formation do not increase in modulus as
would be anticipated.

Acknowledgements Some part of the work presented in this paper
has been taken from the PhD thesis of the first author. The authors
gratefully acknowledge IGME for support with the geotechnical tests
and the Secretary of Estate for Universities and Research for a

@ Springer



186

M. A. Rodriguez-Sastre et al.

postdoctoral award held at the British Geological Survey, through the
Spanish Ministry of Education and Science, which is partly funded
through the European Social Fund.

References

Arias D, Bellido F, Diaz Garcia F, Diez Montes A, Farias P,
Fernandez FJ, Heredia N, Lombardero M, Marcos A, Martinez
Catalan JR, Rodriguez Fernandez LR (2002) Mapa 1:200.000,
Estudio geoldgico aplicado a la investigaciéon de recursos
mineros y de materias primas en El Bierzo, La Cabrera, Sanabria
y Valdeorras. Informe inédito (Proyecto FEDER 1FD97-0959-
C03)

Bastida F, Marquinez J, Perez Estaun A, Pulgar JA (1984) Ciclo de
seminarios de geologia estructural. IGME, pp 96

Bell FJ (2000) Engineering Properties of Soils and Rocks. Blackwell
Science, Oxford, pp 223-239

Brown ET, Richards LR, Barr MV (1977) Shear strength character-
istics of the Delabole Slates. In: Proc Conf Rock Engineering
Newecastle upon Tyne, pp 35-31

Dinger I, Acar A, Cobanoglu I, Uras Y (2004) Correlation between
Schmidt hardess, uniaxial compressive strength and Young’s
modulus for andesites, basalts and tuffs. Bull Eng Geol Environ
63:141-148

Farias P, Gallastegui G, Gonzalez F, Marquinez J, Martin LM,
Martinez JR, Pablo JG, Rodriguez LR (1987) Aportaciones al
conocimiento de la litoestratigrafia y estructura de Galicia
Central. Memorias Facultade de Ciencias Universidade Porto
1:411-431

@ Springer

Hawkins AB (1988) Aspects of rock strength. Bull Int Assoc Eng
Geol 57:17-30

ISRM (1981) Suggested methods for determining the uniaxial
compressive strength and deformability of rock materials.
International society for rock mech. Commission on standardi-
sation of laboratory and field test 111-116

Julivert M, Fontbote JM, Ribeiro A, Nabais LE (1972) Mapa
tectonico de la Peninsula Ibérica y Baleares. E: 1:1.000.000.
IGME. Madrid

Lotze F (1945) Zurgliederung der Varisziden der Iberischen Meseta.
Observaciones respecto a la division de las Variscides de la
Meseta Ibérica. Geotekt. Forsch. Publ Extr Geol Espaiia 5:78-92

Mesa Lopez-colmenar JM (2003) Las rocas ornamentales en Espafia:
explotaciones y usos. Mineralogia Aplicada. E. G. Huertas,
pp 429

Passchier CW, Trouw RAJ (1996) Microtectonics. Springer, Berlin,
pp 289

Ramamurthy T, Venkatappa G, Singh J (1993) Engineering behavior
of phyllites. Eng Geol 33:209-225

Rodriguez Sastre MA (2003) Caracterizacion geomecdanica de
materiales pizarrosos en el Sinclinal de Truchas (Leon-Orense).
Thesis Geology Department, Oviedo, pp 388

Sachpazis C I (1990) Correlating Schmidt hammer rebound number
with compressive strength and Young’s modulus of carbonate
rocks. Bull Int Assoc Eng Geol 42:75-83

Singh MR, Rao KS, Ramamurthy T (2002) Strength and deforma-
tional behavior of a jointed rock mass. Rock Mech Rock Eng
35(1):45-64



	Relationship between cleavage orientation, uniaxial compressive strength and Young&rsquo;s modulus for slates in NW Spain
	Abstract
	RÕsumÕ
	Introduction
	Location and geology of the study area
	Material and methodology
	Test results

	Discussion
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


