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Abstract 

In engineering practice there exists no complete 
classification for pure limestone material. Although there are a 
number of classification systems, which rely on useful 
parameters, the problem is that there are no indications of 
quality regarding the requirements of the various engineering 
disciplines. In order to develop a classification system and to 
obtain a better insight in the behaviour of limestone, samples of 
twelve types of limestone from different· geological formations 
were extensively tested with both mechanical and physical 
techniques. A simple test to indicate the solubility of a 
limestone can be performed with hydrochloric acid. Based on the 
results of the tests an empirical classification system is 
proposed for four engineering fields who are concerned with 
limestone: Tunelling, Foundation, Excavation and Aggregates. 
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1. Introduction 

Upon searching the literature for a class i fication o f 
carbonate rocks it was discovered that none of the existing 
classifications of carbonate rock material seem to r e nder an y 
sa t isfactory information as to the engineering behaviour of these 
rocks ·. 

The existing classifications appear to be developed only for 
a singular purpose, they were required to serve. Generally the 
complexity and confusing nomenclature of these classifications 
contribute to a limited interpretation of their engineering 
quality. Consequently the parameters of such a system, which can 
be of geological or engineering origin, can not render enough 
clear information for complete understanding of the behaviour of 
the carbonate material. 

Apparently in all of these systems there seems to be no 
direct relationship between the amount of calcium carbonate 
( CaC03) present in the rock and its geotechnical properties 
(Datta,l982). This hypothesis should make it rather difficult to 
distinguish limestone from other types of rock. The aim of this 
study is then to develop a classification system which will 
relate the different carbonate rocks in such a way that the 
information conveyed is of practical use to the engineering 
discipl i nes concerned. 

In order to achieve this end the physical and mechanical 
properties of a number of European limestones were compared and 
contrasted. The properties determined have been chosen in 
relation to the requirements of the engineering disciplines 
involved with foundation, construction and excavation of the 
massive material of carbonate rocks. 

1.1 Geological Backgrounds 

For full comprehension of the classification systems for 
carbonate rocks it is necessary to understand the factors that 
influence the origin and formation of these rocks. 

Pure limestones, which are generally considered to be those 
carbonates composed of more than 90% calcium carbonate CaC03 
(fig. 2.2.1 Fookes & Higginbottom 1975), are a group of 
sedimentary rocks, which occur in a wide variety of forms and 
degrees of induration. The minerals calcite and aragonite (also 
CaC03), both for the main part chemical precipitates from 
seawater, form the basis of the major components of these rocks. 
Aragonite is an unstable combination, which transforms after 
consolidation into calcite. Aside from this the minerals dolomite 
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figure 1.1.1 Constituents of carbonate rocks 
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figure 1.1.2 Weathering profile for carbonate 
rocks (Deere & Patton 1971) 
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land . J n is joint set number; J r is joint rough ness num­
ber ; Ja is joint alteration number; SRF is stress reduc­
tion factor. 

figure 1.2.1 Rock mass classification 
for limestone (1974, 1973) 
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associated with pressure solution. 

When consolidated carbonate rocks are exposed to the 
surface, they weather by solution, leaving behind the insoluble 
parts of the original rock. An extensive review of the mechanisms 
is given by Trudgill ( 1985). The rate of solution depends on the 
acidity of the water, the amount of C02 dissoluted, the tempera­
ture, the waterflow, the previous saturation by C03, and the 
solubility of the rock. When the surface area of the rock is 
exposed to such conditions weathering may occur in many forms. 
Deere and Patton (1971) have illustrated a typical weathering 
profile for carbonate rocks (fig 1.1. 1). A description of 
weathering features of rocks recommended by the IAEG (the 
International Association of Engineering Geology (1970, 1972) ) 
is presented in table 1.1.2 . 

1.2 Engineering Considerations 

An impression of the engineering qualities of the different 
carbonates may aid the reader to form a general impression of 
todays uses of and problems with these rocks. 

The strong sound limestone materials are excellent suitable 
for foundations, tunnels and construction materials . In this 
category of rocks the engineering design may be based on 
classification systems for rock mass such as the CSIR ( Bi eniawski 
1973) or the NGI (Barton 1974). An example applied on limestones 
is given in fig. 1.2.1 . A rock material classification is made 
by Deere and Miller (1966), who related the Unconfined 
Compressive Strength and the Elastic Modulus of intact rock (fig. 
1.2.2). 

Regarding the weakest carbonates, the spectrum ranges from 
slightly indurated soils to well cemented limestone or weathered 
and fractured limestone. The usefulness of cemented carbonate 
soils depends on the degree of induration and the percentage of 
carbonate material. The varying foundation conditions in this 
respect pose a serious problem. Sowers (1976) presented a 
qualitative approach to the types of foundation failures for 
limestones (figure 1.2.3). The degree of anisotropy, the 
influences of other media, and the discontinuity condition are 
accounted for. Hence the bearing capacity can be assessed from 
the compressibility of the limestone mass with the help of tests. 
Indications of the bearing capacity are noted in figure 1.2.4 
according to the Code of Practice for Foundations (1972). 

Regarding the use of carbonates as construction material, 
the suitability of weak cemented limestones as road aggregate is 
discussed by Netterberg (1982). As an example of characteristic 
limestone testing techniques used in road aggragate practice 
figure 1.2.5 presents data of the British Road Research 
Laboratory. The suitability of limestones as building stone 
requires a certain strength and is reversely proportional to the 
amount of fractures present in the rock. The physical and 
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figure 1.2.3 Varying foundation conditions 
in limestones (Sowers 1976) 
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ASTM C568-79. Physical requirements for limestone buil­
ding stone. 

figure 1.2.6 requirements for limestone 
buildingstone (ASTM-C568 79) 
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(Deere & Miller 1966) 
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(Code of Practice for 
foundations 1972) 



and siderite often o c cur in these rocks as transformation 
products of calcium carbonate. 

The orig i n of the carbonate components can be distinguished 
with reference to their f abric. A report from Delft Geotechnics 
( 1986 ) on carbonate sedi me nts recogn i zes the compon e nts g i ven 1n 
table l.l.l 

bioclasts 

coated grains 
( ooides 

peloids 

detrital particles 

calcareous mud 

cement 

:::: : :::t:r;,;; : :r :• : : rtt : r;::: t : ::t t:::::;~ :t r:t:l:r:::::::r::::: ;: ::::::;!::::a::: : :t:!t::::;:"''""'''''"' 

Table l. l. l 

skeletal fragments formed by corals, 
crinoids, algae, brachiopods and 
foraminiferae etc. 

particles with a layered frame of 
calcium carbonate ; when concentric and l 
with a kernel they are called oolites 

indurated homogeneous spheres of 
faecal origin 

formed by mechanical disintegration 
of well consolidated carbonate rocks ; 
occur in conglomerates and breccia 

clastic products of micro organisms 
also known under the name of micrite 

chemi c a l p rec ipitati on o f calcium 
carbonate between particles 

:::::::u::: :::: ::r: :::::::::: ::: :: :::: :::r:t::;:;::::::: ;: ;;::::r:::::::::::::: ::" ' ''"' m:: : ::::~:;:a::,:::: t ::a<::t<:::::'l :t :t:tLL::: :: :: :;::: o::at : ::; :::;: m:tm:;:::lr ::::: : ::::~::::t:::rm"" '' ' ""'"'''"'''''''',i~ 

Basic components of carbonate rocks 
(after report of Delft Geotechnics 1986) 

Compaction and induration of carbonate sediments, influenced 
by temperature and previous cementation, leads to the formation 
of limestone. During these processes reorientation of particles, 
solution of lime and fracturing of clastic material result in a 
decreasing porosity. The compaction of the sediments is inversely 
proportional to their grainsizes. Evidence of this fact is found 
in arid climates where early cemented carbonate sands display a 
relative low degree of compaction under static load, while water 
saturated carbonate muds under load show a vol~me reduction up to 
90 % 

Should the limestone become sufficiently deeply buried, 
diagenetic and metamorphic processes may be initiated whereby 
significant changes in the rock can occur. Such processes can be 
recognized by the presence of stylolites, the replacement of 
calcite by dolomite, and the recrystallisation of calcite. The 
replacement of calcite by dolomite can occur under favourable 
conditions of salinity {Pannekoek 1973). Stylolites are features 
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mechanical requirements for limestones as building stone are 
indicated in the ASTM C568-79 report (figure 1.2.6). Quality 
investigation could then focus on crushing characteristics, the 
degree of fissuring and the behaviour of minor fractions present 
in the material (Ashurst and Dimes 1977). 

A major problem with the moderately weak to strong lime­
stones is the solution effect, which results in the formation of 
cavities. Without adequate investigation of the limestone mass ­
the risk of collapse is may be too high. From an engineering 
point of view the important factors to be assessed are the size 
and distribution of the fissures and the solution rate constant 
as defined by James (1982). 

- 8 -



fi 
(F 

t-'ean 
Range 
No. of 
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-

Aggregate Aggregate Aggregate Water Polished 
crushing i~act abrasion absorption Specific -stone 

va 1 ue va 1 ue va 1 ue (per cent) gravity coefficient 

24 23 13.7 1.0 2 .66 0 . 43 --
(11-37) (17-33) ( 7-26) (0.2-2.9) (2.8-2.9) (0.30-0.75) 

164 61 34 42 42 51 

Summary of values for tests on limestone aggregates . figure 1.2.5 (British Road 
Research Laboratory 1959) 

Depositional Texture recognizable Depositional texture 

Onginal components not bound together Original components 
not recognizable 

during depositions were bound together 

Contamsmud 
during deposition . .. as 
shown by intergrown 

(particles of clay and fine silt size) Lacks mud skeletal matter.lami- Crystalline carbonate 

Mud-supported Grain-
and is grain- nation contrary to 

supported 
supported gravity. or sediment-

Less than More than floored cavities that 
10% grains 10% grains are roofed over by (Subdivide according 

organic or question- to classifications 
ably organic matter designed to bear on 
and are too large to physical texture or 

be interstices. diagenesis.) 

Mudstone Wackstone Packstone Grainstone Bounds tone 

figure 2 .1.1 Scheme for the classification of carbonate rocks 
(Duilham 1962) 
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NOTES TO TABLE 
• Dui~nates rare rock tn~s . 
'Names aod aymbols in the body of the table refer lo Hmcstones. If the rock contains more than 10 per cent replacement dolomite , prcfi:.; the term "dulomitized" to the rock name. 

and \UC Ol.r or DL.a for the :~ymbol (c.c •. dolomitiz.eU inlruparite . Li : Dl...a). If the rock contains more t.ha.o 10 per cent dolomite o{ uncerU.in oril(in, prdi& the term 11dolomitic" to the 
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• Jf the rock cooWot ot.her aUochems in si&ni6cant QUlntities t~t arc DOl mentioned in the main ~ock name, thne should be prefi1ed as qualifaen pre:crdinc the maio rock aamc 
{C' .t . , fnuililerous intrasp.aritt , oOlitic pelmicrite, pcllctife:rous oOtpraritt, or intrac:laatic biomicruditc). This can be thowuaymbolically u Ii(b), Io(p). llb(i) , respectively . 

• If lhe fonih arc of nthtr uniform type or one type is dominant . this fact should be shown in the rock name: (e c, pclecvpod biospurudite. crinoid biomicritrl . 
• If t he roc k""' uri ..,,nally rn io: roc r y ~ t s ll inc and can bt sho•n to have r«rysl.&iii ~eJ l!J micr o ~par (5 - 15 micrvn , dear c.a lci tt ) the terms "microsp&titt," ''bivmicros~r i te, '' de . nn 

}. , · · · ·' , . · · ~ ~ ..-: -! · · ,._ , · ~ ·e" or ·· t,;- ,,n :··d :~ " 



2 Existing Classifications of Carbonate Rocks 

The factors that play a dominant rol e in the class i fication 
systems of carbonate rocks appear to d epe nd largely on the 
purpose the classifications were desi gne d to serve. A large 
number of classifications were developed because of the interest 
of the oil industry in the porosity and permeability of these 
rocks. Their aim was mainly to correlate the texture and 
depositional origin of the limestones to porosity values. 

Upon reviewing the existing classifications it was found 
that they can be grouped into one of three catagories geolog i -
cal, geotechnical or engineering geological classifications. 

2.1 Geological Classifications 

The two systems most commonly used for the classification of 
pure carbonates are those proposed by Dunham (1962) and Folk 
(1959, 1962). 

The main criterium in Dunham's cl a ss i fication is the 
relation between particles and matrix. The terms packstone, 
grainstone, mudstone e t c. should qual ify the rock ranging from 
grain to matrix supported . Although the text ural basis provides 
an insight in the depos i tional environmen ts, it offers no room 
for an indication of the induration degree ( fig 2.1.1 ) . 

Folk's classification is based on three elements ; particles 
(allochems), microcrystalline ooze ( orthochems) and sparry 
(coarse) calcite cement. Each class may then be further divided 
giving an insight into their depositional maturity. By combining 
texture with the type of constituent a sequential nomenclature is 
developed (fig. 2.1.2). This leads to rock descriptions such as 
intra-bio-pel-micrite. This system is more suited to microscope 
studies than field use. As for the nomenclature according to 
grain size he presented a classification ( fig. 2.1.3), which is 
based on the Wentworth scale. A weak point in his classification 
is that cementation degrees can not be derived. 

Schmidt (1965) tackled the spectrum between limestone and 
dolomite in extension of the division made by Petijohn (1959 ) 
(fig. 2.1.4). 

Leighton an9 Pendexter ( 1962) proposed a classification 
considering three variables : grain size, the proportions of the 
matrix to the allochems (particles) and a terminology for the 
composition of carbonate rocks. The grains i zes of the different 
allochems are compared to the type of allochem, thus classifying 
the texture, while the geological descriptive terms, like an 
argillaceous limestone, supply information regarding the 

9 
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ROBERT L. FOLK 

TABLE GRAIN-SizE ScALE :FOR CARBOSAT.E RocKS 

Transported Authigenic 
Co n1 ti tuent1 Conetituent1 

Very coar1e calcirudite 
64 mm 

eo~ re e calcirudite Extremely eo a rsely 
16 mm cryotalline 

Medium calcirudite 
4 mm 4 mm 

Fine calcirudite Very coarsely -
crystalline 

l mm l mm 

Co.a r'e calcarenite I I o. s mm Coa r sely c~ystallin_~ 

I Medium calcarenit e 

o.zs mm 

I 
o.zs mm 

Fine calca !'~nlte 
0. 125 mm Medium crystalline 

Very fine ea lea renite 
0,06Z mm - 0, 06Z mm 

~ 

Coar1e calcilutite 
0. 031 mm Finely crystalline 

Medium c:alcilutite 
0.016 mm 0. 016 mrn 

Fine calc:ilutite 
0,008 mm Very finely c:~ystalline 

0 , 004 mm Ye ry fine c:alcilutite 0. 004 mrn 
Aphor.noc: rys talline 

"carbonate rocks contain both physically transported particles (oolites, intraclasts, fossils , and 
pellets) and chemically precipitated minera ls ' either as pore-tilling cement, primary ooze, or as 
products of recrystallization and replacement). Therefore, the size scale must be a double one. so that 
one can distinguish which constituent is being considered (e.g .. coarse calcirudites may be cemented 
with very tinely crystalline dolomite, and fine calcarenites may be cemented with coarsely crystalline 
calcite). The size scale for transported constituents uses the terms of Grabau but retains the finer 
divisions of Wentworth except in the calcirudite range; for dolomites oi obviously allochemical origin , 
the terms " dolorudite," "dolarenite," and "doloiutite" are substituted for those shown. The most 
common crystal size for dolomite appears to be between .062 and .25 mm and for this reason th:1t 
interval was chosen as the "medium crystalline" class. 

figure 2.1.3 (Folk 1962) 

LEIGHTON & PENDEXTER'S TEXTURAL CLASSIFICATION OF LIMESTONES 
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percentages of limestone, dolomite and impurities ( fig. 2.1.5). 

A Classification in which the porosity plays a significant 
role is r epresented in the unified system of Choquettte & Pray 
( 1970). In this system an important distinction is made between 
the t~rms '' fabric selective" and "not fabric selective'' porosity. 
The term fabric selective means that pores are bounded by 
particle boundaries. The system is designed for carbonate rocks 
but is only a partial description ( fig. 2.1.6). 

2.2 Geotechnical Classifications 

Due to rapid expansion of engineering developments during 
the 70's, one of the first geotechnical oriented classifications 
was developed by Fookes and Higginbottom (1975). Their clas­
sification of near-shore carbonate rocks included a degree of 
induration, grain size, mineral composition and the origin of the 
carbonate material. They connected differences in strength and 
grain size to common known names for pure and impure limestones. 
This classi f ication formed a basis for many modifications and 
extensions ( fig. 2.2.1 a). Apart from the classif i cation for 
engineer i ng purposes, they defined a nomenclature for pure and 
impure carbonate sediments (fig. 2.2.1 b & c ) . 

Clark and Wa l ker (1977) modified the nomenclature and 
encompassed the impure carbonates as well, still using the same 
four variables as Fookes and Higginbottom The engineering 
behaviour was quantified by boundaries using ranges of approxim­
ate Unconf i ned Compressive Strength (UCS ) values in relation to 
the degree of induration (fig. 2.2.2). 

For sl i ghtly cemented sands Beringen (1982) adjusted the 
Clark & Walker system to the use of the cone penetration test. 
The link between cone resistance and the cementation is quantita­
tive described for indurated carbonate soils (fig. 2.2.3). 

Regarding pure carbonate sediments the Clark and Walker 
classification was modified by Fugro (1978) for the North Rankin 
Project in Australia (fig. 2.2.4). Mainly concerned with 
cemented soils this classification discerns cementation and 
induration ; the induration should be the result of cementation 
and cohesion. The parameters used are grainsize, name, degree of 
cementation, bedding and lamination, origin of carbonate, colour, 
and the minor fractions . 

With regard to carbonate sands in India, Datta (1982 ) 
modified the Clark & Walker classification and stated some 
remarks for a new classification. Although Datta is not directly 
involved with limestones, the cemented carbonate sands he is 
concerned with overlap the spectrum of weak to very weak 
limestones. According to his paper, aspects which could supply 

10 
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To specify the geot ec hnical pr o perties he suggest ed t he foll ow ­
i ng d escriptive t erms shuul J be in ~ luded in a 1:las si ficatio n 
s y s t e m f o r· c a r· b o n a t e s o i l s 

su cceptibi lil y to c ru shi n g 
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influenc~ o f ca rbonat e material in r e l a tio n Lu non ­
carbonate mat e rial 

Th e s c h e me propos e d b y 
listed in fig. 2.2.5 

Dat ta for ge o te chn .i c al 

2.3 Engin e erin g G e olo~i chl C lassifi c at io n s 

(ie s cr ipt. io n l ~· ·' 

An engineerin g g·e nl ogical c L3.ssifi cat i o n o f carhn n ;1_te r· o,: k ;:; 
,,,-i_L h a d es< .Ti p Li v c ': lt;Jra c ler· >vas pubJ i ~-;hed b y Tlurn,•t L ;J nd Epp$ 
1 19 79 ) . Th ey sugges ted a doub l e tc~ t·n;:H· y dia gram o f pu ce li mestone 
~ :nd admi xt ures in <t dt!-i i. .ion t o in dividual c las s i f"ica t.i on tab l e~; 

fu r· grain size, jo int spac 1 ng, density, \veather in g , t~~ x t u r·e and 
st rength. Unfortun aLP l y th e t e rminolo gy t he y p rov os e beco me s 
somewhat extensive. A description sheet which, could be used for 
t he sampling of carbonate rocks, is given in appendix A.l 

Dearman (1981 ) considered the engineering geologi c al 
description system in which he accounts for carbonate rocks a s a 
material as well as their rock mass. In his paper he recognizes 
the importance of diff e rent properties to the various e ngin ee r ing 
fi e lds involved wi t h limeston e . Furth e rmore h e shows t h a t 
c orrr>lations exist. b e tween e n g ineering i nd e x propert ies a n d 
geological proper t i e s. As example he presents a co rr e l ation 
b e tween the engineering geological grad e anJ t h P mec hani cal 
properties of chalk at Mund f ord ( after Ward e t al. 19 6 8 ) 1 n 
figur·e 2.3.1 Thi s f i g ure has b e en wid e.ly used as a pr e l imina r y 
e stimate in the logging of d r- i l l cores and sit e investiga tio n 
pits and trenches. Visu a l d e scription th e n e n ;!ld es to dc1~·i.ve 

d e f o r m a t i o n c h a r a c t e r· i s t i c s o f t h e c h a l k , b as e d o n c o m p a r· 1 s o n 
with a known deform at ion and de s cription. 

ll 
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2.4 Restrictions on Classification for Engineering 
Purposes 

A striking fact is the differentiation of class i fication 
systems with reference to the nature of the carbonate rocks or 
soils, to which the system was applied. For e xample the Clark & 
Walke~ system encompasses the Middle Eastern sedimentary rocks, 
while Datta used his description for slightly cemented soils in 
India. The problem is that the definition of what is rock and 
what is soil has not been unambiguously assessed for the 
carbonate sediments. Hence due to subjective interpretation of 
the boundaries, the nomenclatures of two such systems can cause 
confusion when they are applied to the same carbonate. 

In pursuit of prediction of engineering behavior many 
different factors play roles of alternating importance, like 
ranges of induration where cemented soils must be treated 
differently than sound rocks. Therefore it is desirable that 
standard values should discriminate between important boundaries. 

Effective prediction of engineering properties to various 
carbonate rocks can be enhanced by relating their engineering 
uses. According to the standard procedures the most required 
properties of the following engineering fields were compared. 

Underground Excavation 
; Dredging 

Foundation Engineering 
· Construction Materials 

( Bieniawski 1 9 79 and OPAC 1987 ) 
( PIANC 1984 ) 
( Fugro 1978, Dearman 1981 ) 
( ASTM-C 33 and ASTM C 568 1979) 

Strength, particle size and bulk density appear to be essential 
engineering properties and additional information may be 
supplied about crushing and deformation characteristics. 

For strength several classifications exist, some with 
rather poor boundary restrictions. In general the most suitable 
seems to be the strength of intact rock developed by the 
Geological Society (1970) given in table 2.4.1. 

!::r::::•:::: t : : :c:z:: l :.:: rm :cr:::r•:::r::lll11!1 <:1ll ::::r :r:u:: :rr:::rrr:a:: ::m:J~ : :r <:::::rr::;:::::c:::.:;r:::.::::.u ::::r::rr::rr:: ::::ra:::rr:1::r::::nr:ru::rm:r:ra:t: :::::::::r:::a::::;::::r::::::::: r :~:::: ::::::.:.::mr::::r:rr:lt:r:r r>r::r:r: r rH 

very weak 0 l. 25 MP a 
weak 1.25- 5 MP a 
moderately weak 5 12.5 MP a 
moderately strong 12.5 50 MP a 
strong 50 -lOO MP a 
very strong lOO -200 MP a 
extremely strong >200 MP a 

:: '' ::rt n: rm :r•r•: r a:lr r rrr • ::a:rr:t:rn::t:rlr:::nrr::rr::rr:::z:::rrm:r:r:n l:::::::::::::r::::rt:::m::r:: :~tr :r"'' ' ""'"'"'''''''''''''''''''''''''''''''''''''m:rru:r::r:u:l:::::n:r:nnnm:r:.::r :-: :l:~:trrmrrm::un; : r::aa:rl:::rn::r:::un:lli 

Table 2.4.1 Strength classification of the 
Geological Society (1970) 
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figure 2.2.4 (fugro 1987) geotechnical classification of carbonate sediments 
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TABLE 

Description of 

I. Cementa1ion 
(u) No cementation 
(b) Weak cementation 
(c) S1rong cementation 

( i) uniform 

( ii) panial 

2. Grain Size Distribution (GSD) 
and Plasticity 

(a) Grain size dislribution 

(b) Plasticity 

J. Nature of Carbonate 
Component 

(a) Carbonate content 

(b) Panicle size of cJrbonate 
maceriJI 

(c) Panicle characteris1ics 
Jnd origin 

(cl) Mineralogy 
(~) Geologic name 

4. Nal ure of Noncarbonate 
Component 

(u) Panicle size 
(b) Panicle charJCierislics 
(c) Mineralogy 

Remarks 

lhc soil has a soft rock-like lppearJnce. Uncnnfined com­
prcssive strength should be i ndic~1ed 

1hc soil conlains cemented aggregates- I his should be no1cd 

for strongly cemented soils. GSD is not very relevant : for 
uniform cementation. size of conslitucnt panicles shou ld 
be indicated : for panial C'Cment:uion . GSD of soil after 
removing aggregates should be indicated and size and 
proponion of aggregates noted separately 

for fine-grained soils in which intrapanicle voids cause error 
in GSD and Alterberg limits. field classification pro­
cedu~ may be used for providing the relevant informa· 
tion in a qualitati,·e sense 

soils having more than JO"'o carbonate content should be 
termed as carbonate soils · 

the carbonate content in the s:~nd and in the silt-clay frac­
tions should be determined separately and indica ted. 
Microscopic studies mentioned below will also give mfor­
mation about plrticle size 

microscopic studies-optical microscope for sands Jnd 
scanning electron microscope for fine-grJoned sods­
should be conducted . Presence of lhin-w;olled mJicrial 
Jnd intrapanicle voids should be hi ghlighlcd 

X-ray diffraction analysis should be performed 
if possible to identify. the geologic name may be in d icated 

information on noncarbunale malerial is determined by 
dissoh·ing the carbonale material in HCI. scpJrating the 
remaining soil. and conducting the following tests on it 

grain si1.e distribulion analvsis 
n1i.:roscopic studies 
X-ray diHraction anal,·sis 

figure 2.245 Proposed system of description (Datta 1982 ) 
of carbonate soils 



For dominant particle sizes the norms of MIT, DIN 4023, BS 
1377 and the PIANC agree at convenient boundaries. Even more they 
are the same boundaries used by Clark & Walker and are therefore 
assumed to be su i table to carbonate rocks ( table 2.4.2 ) . 

cobbles 
gravel 
sand 
silt 
clay 

::o::::::::::::::::a::: : : r;: : ::: :: :r:::n: :: r::a::!;~:::or:::l::::a:::::u:r u::o: : u i:.:: : ::::.to: ""''''''''''''''''""'':::::::::::r::::::: 

200 60 mm 
60 2 mm 

2 0.06 mm 
0.06- 0.002 mm 

< 0 . 002 mm 
.••• ::::::1:::::::,:::::::::::::: :.:: '''"''"''''"''''"''"''"''""''''''"""''"''"''"':::::::o::u:;::o::m:::::::::::uu::::::r: ::::::::::::::an:u:::u:::u:;: : ;;:uf::ll:m::::l:::a:::::::::::;::::m:::z:r.m::a:::::r:::m:::::::l::aif 

Table 2.4.2 Particle Size boundaries used 
by BS 1377, DIN 4023, MIT and 
the PIANC. 

As in soil classifications it 
grainsize distribution. In most cases 
tion between particle and matrix 
probably generally sufficient. 

is 
for 

sizes 

useful to indicate the 
limestones a distinc­
and percentages is 

Concerning bulk density the existing ranges are indicated 
for limestone building stone by the ASTM (American Society of 
Testing Materials ) as given in table 2.4 . 3 . The quality of a 
building stone is not directly related to the density . 

Low density 
Medium density 
High density 

1.76 2.16 (gjcm3) 
2.16- 2.56 (g/cm3) 
2 . 56- (g/cm3) 

,,,, ,,,,,,,,.,,,,,,,,,,,.,,.ii 

table 2.4.3 Density division for limestone 
building stone (ASTM C568-79) 

Complementary to the en~ineering parameters the important 
geological factors which were recognized are texture and mineral 
composition. Both these factors give a qualitative indication for 
parameters such as abrasion, drillability and cuttability . The 
description of carbonate and non-carbonate constituents is of 
great significance to the engineering behaviour of the rock . For 
example in limestones the presence of quartz does increase their 
abrasive capacity and clay minerals may cause swelling. Textural 
division must distinguish between clastic particles and crystal­
line components. 
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figures 2.3.1 a . t/m f 
engineering geological 
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between oasily finger only by be or vyry in hand slobs 
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LIMESTONE 

(Burnett & Epps 1979) 
classification of carbonate rocks 

Thin Lumps or Lumps or Lumps only Rocks ring 
slabs c:ore core chip by on hammer 
broken broken broken heavy blow. 
by bv light bvhuvy hammer Sparks fly 
heavy hammer hammer bloiM. Dull 
hand blows bjows ringing 
pressure sound 

Moder· Moder· 
Extremely 

a,.tv ateiv Strong Very 

Weak Strong Strong Strong 

18 36 72 144 288 
_ U~onfined c~press~ S~ngths ~~~~N/m::_ _______ 

t .. , ' ,, " ,.,. ,.. 
Strength Shear Strengths of Clays (kNfml) + 
Categories Point Load Strengths of Rocks (MNtm•l • 

0.075 0.3 0.75 3 6 12 

• BaRd on the approximate relation : · Camp. Strength= 16 Poont Load Camp. Strength 

+Various published strM1gth categories exist- Quote reference used 

SIZE, SPACING, DENSITY AND PLASTICITY CLASSIFICATIONS 

Soi! & Rock Discontinuiry Extromely Very 
Narrow Mod. Very 

s._,ac:,nq Descriptions Narrow N1rrow Wide Wide 
Wide 

Bedding Spacing Thinly I Thickly Very 
Thin M~ium Thick Very 

Oncriptions Lam•nated Laminated Thin T~ock 

Rock Grain Size Very 
Fine Descriptions Fine Medium Coarse Very Coarse 

Soil Particle 
~ilt Sand Gr..,.l 

Size Divisions Clav 
Fine 1 Medium 1 Coarse Fine l Medium I Coarse I 

Cobbles Boulders 
Fine M!dium Coarse 

mm 0.002 0 .006 0 .02 0 .06 0 .2 0 .6 2 6 20 60 200 600 2000 

Diameter or Spacing 

Relative Densiry ~ws Very Loose 
15 

Loose 
35 

M.c~ium Dense 
65 85 Relat1ve Dens•f'( 

of Granular Soils 
Dense Very Dense 

4 10 30 50 N Values 

Plasticity Field Loan Intermediate Fat Very Fat Extra Fat 
Esumate 

' LabOratory Oescr1pt10ns 
Term 

Low Intermediate High Very Hi9h Extra High 

Lio~o.ud L•mtt . ~ 20 35 50 70 90 L iouid Limit.% 

'--· - ------- ---- --------.. --· ----------~- .. -------,---·--- ·-· ------- ·· - ·· ·----· ·------·- ______________ ____, 



PROPOSED TEXTURAL CLASSIFICATION OF 
CARBONATES 

Oeoosttion~l 

Grain 
SYOOOrUd 
- lacking 
mtCtiU! 

matro~o 

OrigtNI 
ccrnoonentl 
bound 
together 

not 
reeogntsable 

Matr1:~~ wcooned 

~.1 ocn t•C 

:_ , m~tone 

More than 
1005: gratns 

\1icmtc­
OoltttC. 
SKetetal . 
Shettv . or 
Dermal 
Lrmestone 

OoilttC. 
Skeletal , 
Shelly. or 
~m rat 
-miCrl tiC 

Limestone 

Ootittc, 
Skeletal, 
Shellv. or 
Oetrrtal 
Ltmestone 

WEATHERING CLASSIFICATION 

Soil Mass 

A IC)al , 
Conlltne . 
etc. 
Limes tone 

Limestone 

Graae Grade 
Diagnostic Features Term Symbol Symbol 

Soil diKoloured and totally altered , Comple tely wv 
with no trace of original structures. Weathered 

Soil mainly altered with occasional Highly 
small lithoreiics of original soil. 

Weath~red 
WIV 

L ittle or no trace of or~ginal structures. 

Soil composed of large discoloured 
lith orelics or original soil 

Moderately Will seDarated by altered material. Weathered 
Alteration penetrates inwards from 
discontinu1ties. 

I ' Material comoosec of angular blocks -of fresh so• l wn ich may or may not I Slightly 
be disco! cured . Some alteration I Weathered 

Wll 
starling to penetrate inwarels from 
discontinuities separatir'\9 blocks. I r-----------t--·- ---
Parent soil shows no discolouration 
or loss of strength. Di~ontinuities Fresh Wl 
usually tight and not dtscoloured. 

DIAGNOSIS OF CARBONATE TYPES WITH 
DILUTE HYDROCHLORIC ACID 

(Test comprises immersing rock chips about t in die x t in thick in cold 
dilute acid) 

Roe-. Tvot ~uc:tion wqn COld dilute MCL 11. 7 101 

L. m~t()('l~ v;ote-nt ~tt~scena : lromv •uo,bu!: reactton ; small d''IIOS ..,.,u bob •Oout 
M"'CC tend to fta.r on tne ~rt.a 

Ooiom tttc t..•mestol"'le !!~ 1 1k . Qutet e11~~., .. e-~C~ce : ~~~ e:"l aos uno about on rn e bottom ol the 
C':).,t••ner 1nd ~ , SI! lii9""tlv orf tl"'~ :xnrom : tnere is • conttnuous suum ot 
col t r"lrouqt'l tf\e ~·d . 

Calc•nc Ooiom•te Mdd emtuton of CO. bl!.as: srn~ l SO)ItC tmens may v1b~te . btJt teno to nav '" 
01'\e place . · 

Ootom l!l! ~0 eHtf"Vf'SCfr'oCf "\0 ommf'Ct•te ·eac ttOn : SIO""' formatton of eo . waos on 
~e 1urtace cl ~ ~I! rock ; react ,on s1ow1v acce t ~rat~ unttl a t r"l•n ~{ream of 
::.t~s "W1 TO ' "'"surface. l"\oe<:l•ll~ wnen neoil ed . 

WVI 

wv 

WIV 

Will 

Wll 

W lA 

--
W lA 

figures 2.3.1 d t /m f 

Term 

Residual 
Soil 

Comp letely 
Weathered 

Highly 
Weathered 

Moderately 
Weathered 

I 

Slightly 
Weathered 

Faintly 
Weathered 

engineering geological classification 
of carbonate rocks 
(Burnett & Epps 1979) 

Rock Mass 

Diagnostic Features 

Rock is disco I cured and completely changed 
ro a soil in which original rock fabric is 
completely destroyed. 

Rock is discoloured and changed to a soil 
but original fabric is mainly preserved . 
Occasional small corestones . 

Rock is discoloured: discontinuities mav be 
open and surfaces discoloured. Original 
rock fabric near discontinuities may be 
altered and penetrate deeply inwards but 
corestones are still present . 

Rock is discoloured ; discontinuities may be 
ooen and will have discoloured surfaces with 
alteration staning to penetrate inwards. 
Intact rock noticeably weaker than tresh rock. 

Rock may be slightly discoloured. particularly 
adjacent to discontinuities , wr·ncn may be ooen 
and will have slightly discoloured surfaces . 
Rock not noticeably weaker than fresh rock . 

Wreatherin9 limited to the surfaces of major 

r-------- ~ntinui~ ______________ 

Paren t rock shows no discolouranon or loss 
Fresh of strength. Discontinuities usually tight 

and not discoloured . 



i 

Grade 
I 

V "I 
I 

IV 
I 

I 
I 
I I I I 

I I 
I 
I 
i I I I 
I 

Brief description 
--

Structureless remoulded chalk 
containing lumps of intact chalk 

Friable to rubbly chalk with open 
joints often infi lled with soft 
remoulded chalk 

Medium to hard rubbly to blocky 
chalk with closely spaced 
slightly open joints 

Medium hard to hard chalk with 
widely-spaced, tight joints 

Hard brittle chalk with widely­
spaced, tight joints 

Approximate 
_ range of E 
(kg/sq .cm) 

<sooo 

I 
I 

5000-10 000 

I 
I 

10 000-20 000 i 
I 

I 

I 
I 

j 

20 000-50 000 

>50 000 

Bearing pressure 
Causing 'yield ' 

(kg/sq . cm) 

<2 
I 

I 
2-4 

I 4-6 

I 
I 
I 
I 

I 
10 

> 10 

Creep properties 

Exhibits significant 
creep 

I 
Exhibits significant 

creep 

! For pressures not 
I exceeding 4 kg/sq . cm 

creep is small and 
te nn i nates i n a few 

1 months 

Negligible creep for 
pressures of at least 
4 kg/sq. cm 

Negligible creep for 
pressures of at least 
4 kg/sq. cm. 

figure 2.3.4 (Dearman 1981) Correlation between engineering geoligical 
grade and mechanical properties of chalk at Mundford, 
England. 
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3 Sampling of Limestone 

In order to be able to examine a wide range in mechanical 
and other properties it seemed most efficient to sample 
limestones from the various geological formations present in 
Europe. At the same time the relation between geological age and 
strength promised to be interesting. Accordingly samples were 
taken ranging from the limestone beds of the Silurian upto the 
Cretaceous calcarenites. 

3.1 Sample Selection 

During April 1987 twelve types of limestones were sampled 
from quarries in the U.K. ,Belgium and The Netherlands. Because 
for testing purposes solid fresh and homogeneous material was 
needed, large blocks of each type of limestone were selected from 
the highest quality zones in the quarries. Directly after this 
the blocks were wrapped in polyethylene bags in order to prevent 
the samples from drying out. In the case of the 'red marble' 
from Belgium it was not possible to acquire fresh material. Later 
in this report the test results indicate that the rock was 
moderately weathered. 

Nearly all of the quarr i es in the U.K. used explosives to 
fragment the rockmass, while in Belgium and in Southern Limburg 
the limestone was cut with diamond wire or saws. Therefore it is 
possible that the blasting has induced fine cracks or extended 
preexisting cracks, which could influence the test results. 

3.2 Sample Description 

The description of the limestones was done following the 
IAEG report (1981) for engineering geological mapping (Appendix 
A.2). Furthermore the limestones are identified with local name, 
origin and geological age. The twelve samples were : 

Sample 01 \ The Magnesian Limestone from Yorkshire is of 
Permian age. It is described as a yellowish 
white medium grained fresh weak calcisiltite. 

Sample 02 ~ The Chalk from near Hull is of Upper Cretaceous 
age, it is described as a pale white fine 
grained thinly laminated fresh weak 
calcisiltite. 

Sample 03 ' The Lower Oolite Limestone from Lincolnshire is 
of Jurassic age. It is described as a dark 
grey medium grained slightly weathered strong 
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Sample 04 

limestone. 

The Upper Oolitic Limestone, also known as 
Corallian Limestone, from Yorkshire is of 
Jurassic age. It is described as a light grey 
medium grained fresh strong limestone. 

Sample 05 ' The Wenlock Limestone from Shropshire is of 
Silurian age. It is described as a light 
pinkish white coarse crystalline fossiliferous 
fresh strong limestone. 

Sample 06 

Sample 07 

Sample 08 

Sample 09 

Sample 10 

Sample ll 

, Wooldale Limestone from Derbyshire is of 
Carboniferous age (Visean). It is described as 
a dark grayish black medium grained calcite 
veined fresh very strong limestone. 

Vinalmont Limestone, also known as Maassteen, 
from Belgium is of Carboniferous age (Visean). 
It is described as a light grey medium grained 
fresh very strong limestone. 

The Muschelkalk also known as Wellenkalk or 
wavy limestone from Gelderland is of Triassic 
age. It is described as a light whitish green 
fine grained thinly bedded fresh moderately 
strong micritic calcilutite. 

Belgian Fossil Limestone also known as Petit 
Granit, from the Dinant area in Belgium is of 
Carboniferous age (Tournaisian). It is 
described as a light grey medium grained fresh 
very strong limestone. 

Red Reef Marble from South Belgium is of Upper 
Devonian age (Frasnian). It is described as a 
whitish red fine crystalline fossiliferous 
moderately weathered strong limestone. 

Grey Marble from East Belgium is of Middle 
Devonian age (Givetian). It is described as a 
dark blackish grey medium size crystalline 
fossiliferous slightly weathered very strong 
limestone. 

Sample 12 ' Marl from South Limburg is of Upper Creta­
ceous age (Maastrichtian). It is described 
as a light yellowish beige medium grained fresh 
weak calcarenite. 

An extensive engineering geological description of the rock 
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ENGINEERING GEOLOGICAL DESCRIPTION OF LIMESTONE 
<Accordinq to I.A.E.G. Report for Description of Rocks) 

=======~-=~==g=:~a===~===========~•============m=============•===~==~====~====~=•a~•••=•m•aa=c•••=•==a====•===•a•ca•amaa••••• 

CODES AGE ORIGIN LOCATION NAME COORDIN~LONG ./LAT. GRAIN SIZ 
===========================================================================================================================--

SLOl PERMIAN NEWTHORPE YORKSHIRE NEWTHORPE QUARRY MAGNESIAN LIMESTONE W 1.17 .• N 53.42.. MEDIUM 
SL02 CRETACEOUS ELSHAM YORKSHIRE SINGLETON BIRCH QUARRY UPPER CHALK W 0.17 .. N 53.32.. MEDIUM 
~~03 JURASSIC BRIGG LINCOLNSHIRE LINDSEY QUARRY LOWER OOLITE LST. W 0.32 •. N 53 .24.. FINE 
SL04 JURASSIC PICKERING YORKSHIRE HARGREAVES QUARRY UPPER OOLITE LST. W 0.47 .• N 54.12.. COARSE 
SL05 SILURIAN MUCH WENLOCK WALES SHADWELL QUARRY WENLOCK LST. W 2.34 •. N 53.09.. MEDIUM 
SLOb CARBONIFEROUS BUXTON TARMAC QUARRY WOOLDALE LST. W 1.53 .• N 53.09.. MEDIUM 
SL07 CARBON I FE ROUS V I NALMONT HA I NAUL T CARR I ERE V I NALI'10NT LST. 0 4. 32. . N 50. 07. . MEDIUM 
SLOB TRIASSIC WINTERSWIJI< GELDERLAND ANkERSMIT GROEVE MUSCHELI<ALk 0 5. 55 .. N 51. 08.. FINE 
SL09 CARBONIFEROUS DENEE MGP TOURNAS I AN LST. C3 0 4. 45. . N 50. 19. • FINE 
SL 10 DEVON I AN NEUV I LLE NEUV I LLE CARR I ERE MARBRE ROUGE 0 4. 32 . . N 50. 0 7. . F I~ 
SL11 DEVONIAN AYWAILLE V/D WILDENBERG MARBRE NOIR 0 5.41 .. N 50.27.. FINE 
SL12 CRETACEOUS SIBBE LIMBURG MERGELBOUW V/D kLEIN MERGEL 0 5.49 .. N 50.49.. MEDIUM 

============================================================================================================================= 
CODES STRENGTH JOINT SPACING JOINT APERTURE BEDDING CEMENTATION COLOUR 
~===================================================================================================================~======== 

SLOl WEAK MOD. WIDE NARROW VERY THICk POORLY LYW 
SL02 MOD. WEAk VERY WIDE NEDIUM VERY THICk MODERATELY LPW 
SL03 STRONG VERY WIDE MEDIUM ·VERY THICK WELL DBG 
SL04 STRONG VERY WIDE OPEN MEDIUM THICK WELL LYG 
SL05 MOD . STRONG MOD. WIDE MEDIUM MEDIUM THICK WELL LGW 
SL06 STRONG MOD. WIDE OPEN VERY THICK MODERATELY DGB 
SL07 VERY STRONG VERY WIDE NARROW VERY THICK WELL DBlG 
SLOB MOD. WEAK MOD. WIDE MEDIUM MEDIUM THICK WELL LBGr 
SL09 VERY STRONG VERY WIDE NARROW VERY THICK WELL LWG 
suo STRONG VERY WIDE NARROW VERY THICK WELL MWR 
SL11 VERY STRONG VERY WIDE NARROW VERY THICk WELL DGB 
SL12 WEAK VERY WIDE NARROW MEDIUM THICK FRIABLE LYB 

=========================================================================================================;=================== 
CODES WEATHERING BEDDING 'IYPE TEXTURE ORIGINAL COMPONENTS OTHER COMPONENTS 
===================·==·======~==================~=-========================================================================== 

SL01 F PARALLEL GRANULAR OOLITES DOLOMITE 
SL02 F UNDULATING GRANULAR FORAMINIFERAE FLINTS 
SL03 S-M PARALLEL GRANULAR PELLETS & MOLLUSCS 
SL04 s PARALLEL GRANULAR OOLITES SHELLS 
SL05 S-M UNDULATING CRYSTALLINE CORAL ORGANISMS CALCITE CRYSTALS 
SLOb S-M PARALLEL GRANULAR CRINOIDS CALCITE VEINS 
SL07 F PARALLEL GRANULAR OOLITES MOLLUSCS 
SLOB s PARALLEL GRANULAR MUDS PYRITE 
SL09 F PARALLEL GRANULAR CRINOIDS CALCITE VEINS 
SL10 M UNDULATING CRYSTALLINE CORAL ORGAN I SI'1S BRACHIOPODS 
SL11 s UNDULATING CRYSTALLI NE CORAL ORGAN I SMS BRACHIOPODS 
SL12 F PARALLEL GRANULAR PELLETS & SHELLS FLINTS 

===================================================================================-========================================= 



masses from which the samples were taken is listed in fig. 3.2.1 

3.3 Preparation of Specimens 

A total of 300 cylindrical specimens were drilled for 
testing using core drilling bits. The number of test specimens 
of each limestone, subjected to one test, was six at maximum, 
provided the testing procedures required this. All samples were 
cored normal to the bedding and cored from a single block except 
for the Lower Oolite (SL03), the Wooldale Limestone (SL06) and 
the Muschelkalk (SLOB). Diameters were 50, 40 and 30 mm with an 
maximum deviation of 0.1 %departure from the length axis. 

With regard to the strength tests, 50 mm cores were taken 
from the weak limestones ; Magnesian Limestone (SLOl), Upper 
Chalk (SL02), Muschelkak (SLOB) and Limburgian Marl (SL12). From 
the stronger limestones 40 mm specimens were cored, in order to 
ensure that the failure load did not exceed the maximum 
permissive load of the load frame. After coring surface grinding 
was applied to the 40 mm specimens for parallel planes.The 50 mm 
specimens could not endure such treatment without serious damage, 
due to their weakness. Finally the specimens were protected from 
deterioration by placing them in small airtight polyethylene 
bags. 

Specimen failure during preparation sometimes occurred along 
cracks and calcite veins, as not uncommonly happens. This was 
especially the case with the calcite veined specimen of the 
Carboniferous Limestone SL06. A very sensitive sample to pre­
testing failure was the Muschelkalk (SLOB), due to its relatively 
high clay content and its thinly laminated bedding. 

Tolerances on the dimensions of the cylindrical specimens 
were generally within the conditions defined in the procedures of 
the ASTM (American Society of Testing Materials) or the ISHM 
(International Society of Hock Mechanics). 
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4 Testing Techniques 

Most tests were undertaken following ASTM or ISRM testing 
techniques. The sections following describe the most important 
features of the test methods and testing apparatus. The 
mechanical tests were performed on specimens at a moisture 
content measured after preparation of these test specimens. This 
is the moisture content given in table 4.11.4 . Mechanical tests 
were performed normal to the bedding except in the case of the 
tensile strength. The tensile strength had to be tested parallel 
to the bedding because of the testing method. Hence a bedding 
description is necessary. 

4.1 Water Content and Density 
ISRM suggested Method No. 2 

The test was performed on three specimens with a diameter of 
30 mm and a length/diameter ratio of l: l The tests involve 
determination of mass under field conditions as well as after 
drying in an oven at 105 degrees centigrade. The average mass of 
the cores was 50 grams. The accuracy to which the mass was 
recorded is + 0.005 grams and the dimensions of the cores were 
measured to the nearest 0.05 mm. 

4.2 Porosity 
Method of Kobe 

The test was undertaken following the method of Kobe with a 
"Ruska" universal porositymeter (appendix B.l). Oven dried cores 
of 30 mm diameter length/diameter ratio 1:1 were submerged in the 
pyknometer and their volume was measured without and with an 
internal pressure of 30 Psi (=206.8 KPa). The dimensions of the 
cores were measured to the nearest 0.05 mm and the accuracy of 
the volume measurements was + 0,005 ml . 

4.3 Permeability 

The permeability measurements were performed with a liquid­
permeameter for the Limburgian Marl (SL02) cores and with a 
"Ruska" gaspermeameter for the other cores (appendix B.2). The 
liquid-permeameter uses water to determine the flowrate and is 
suitable for rather permeable media, such as this Limburgian 
Marl. The permeability using this apparatus is cal~ulated 
following the formula: 
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m 1 V 
K = """""''A'"""(fp""'"'t """"'."'""" 

where m = viscosity (Cp) mw ate r = 1 Cp (Cp = centi poise ) 
1 = length of the sample (mm) 
V = volume passed (cc) 
A = area normal to the flow (mm) 

dP = difference in pressure (KPa) 
t = time interval (sec) 

The gaspermeameter allows for natural gas under a certain 
pressure to flow through the specimen in small quantities, hence 
the principle is the same as for the liquidpermeameter. This 
apparatus measures in the range of l0- 3 Darcy. 

The specimen of 30 mm diameter and length/diameter ratio of 
1:1 were oven dried and their permeability was measured with a 
deviation of approximately 20 % due to turbulence and gas 
solution in the water. 

4.4 Tensile strength 
ASTM standard D 3967-81 

The tensile strength was determined with an indirect method 
known as the Brazilian Tensile Strength test (BTS test). In the 
procedure of this test discs of with a 50 mm diameter and 25 mm 
thickness are split by vertical loading through a diameter. 

In the Wykeham-Farrance lOO kN strain guided loading frame 
platens were connected to LVDT ( Linear Variable Differential 
Transducers displacement transducers. The LVDT's used are 
electromechanical transformers with a range of + 1 mm. The load 
was transmitted by a 50 kN load transducer. Through an 12 bits 
A/D converter displacements and load were digitized and recorded 
for every 0.001 mm vertical deformation. The displacement rate of 
the loading frame was 0.1 mm/min. 

4.5 Unconfined Double Shear Test 

This test determines the direct shear strength of intact 
rock as suggested by T.R. Stacey (l980).The test frame was 
developed by the section of Engineering Geology of the Technical 
University of Delft. The method involves punching a steel block 
trough a rock disc of 50 mm diameter and a Thickness of 10 mm 
.Two predetermined shear planes show when the failure occurs. 
Loading should be applied at a rate of 15 kN/min. 

The shear test apparatus was placed in the ELE point load 
testing frame. The Unconfined Shear Strength was calculated with 
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the formula 

uss = 
p ::: 

L1 &L2 = 
T = 

uss ::: p 

'r""""*"" "'C1"i'"'"'"+' "" 'L'~"J"'"' 

Unconfined Shear Strength (MPa ) 
failure load (kN) 
length's of the shear planes (mm) 
disc thickness (mm) 

Because no clear planes developed the mea·surement of the 
shear planes in some cases had to be estimated. The accuracy of 
the length measurement was + 0.05 mm, while the load gauges 
deviated approximately 1 kN . 

4.6 Unconfined Compressive Strength, Elastic-modulus and 
Poisson's ratio 
ASTM D 2938-79, ASTM 3148-80 

The Unconfined Compressive Strength (UCS) was determined 
using a 700 kN closed loop servo controlled load frame ( see 
appendix B.3) for the 40 mm length cores and the WF lOO kN load 
frame for the 50 mm length cores. The length diameter ratio of 
the test specimens was 2:1 The rate of loading was adapted so 
that the time in which the sample failed was 5 to 10 minutes. 
The exact loading rate range was 5.6 - 11.9 MPa/min. 

Using LVDT transducers the vertical displacements were 
twice measured in opposite directions. The lateral displacements 
were four times measured at angles of 90 degrees. The 
measurement interval was fixed at 0.001 mm vertical deformation. 
This implied that for every 0.001 mm vertical deformation data 
were stored in the computer. Together with the signal from the 
load transducers they were digitized and converted to mean 
values for the proper stress-strain relations which were recorded 
on floppy disk. 

Then from the deformation curves the elastic moduli were 
calculated with a tangent method at 50 % of the failure stress 
or, if the slope at 50 % of the failure stress was not 
representative, the average was token at the point of inflexion. 
At the same point the Poisson's ratio's were calculated, div­
iding the lateral strain by the vertical strain. 
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4.7 Ultra Sonic Velocity 
ISRM suggested method No. 4 

This index test was undertaken on the specimens prepared for the 
UCS using a CCT 4 ultra sonic velocity concrete tester. Puls e s 
are generated by a 10 MHz oscillator and passed through the 
sample. Travel times are measured continuously in microseconds. 
To exclude the signal from other media a contact fluid is applied 
to both ends of the core. 

4.8 Slake Durability 
ISRM suggested document 2 part 2 

The slake durability test is a combination of abrasion and 
slaking performed on 10 lumps of the sample. The limestone lumps 
are agitated by revolving them in a cylindrical mesh drum in 
cycles of 10 minutes, immersed in water. Following this the 
retained material in the drum is oven dried at 105 degrees 
centigrade and weighed. The Slake Durability Index is then 
calculated from the formula given below: 

were Idz 
W3 
Wt 

The accuracy of 

* lOO % 

= slake durability index 
= weight after the second cycle 
= weight before first cycle 
the balance measurements + 0.005 

4.9 X-Ray Fluorescen~e 

grams. 

The percentages CaCO and MgO were determined with the X-Ray 
fluorescence technique from the Rontgen Laboratory of the Depart­
ment of Mining and Petroleum Engineering (appendix B.4). 

Sample preparation was performed by crushing representative 
core specimen to maximum diameter of 0.02 mm using a disc­
crusher. Next the crushed sample was mixed and divided into equal 
portions. 

The analyses were conducted on glass pearls (0.5 g sample + 
5.0 g LizB407 ). Thus the pearls were compared with standard 
samples of the same matrix. With the aid of a linear regression 
method the percentages were calculated. Thereupon corrections 
for inter-element effects and weighing inaccuracy were applied. 
The total error of the calculated values is no more than 0.5 % . 
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4.10 Carbonate Resistance Index (CRI) 

This test was developed by the author with the purpose to 
give an indication of the relative solubility rate of the 
carbonate rocks. The test may be considered valid only for those 
limestones, consisting for the major part of calcium and / or 
magnesium carbonate and in which no other significant in acid 
soluble minerals occur. 

The test involves the submerging of a dried and weighed test 
specimen (the one used was cylindrical ) in a 1.0 N hydrochloric 
acid. The specimen remains in 150 ml of this solution for exact 5 
minutes were after the specimen is oven dried and weighed. The 
CRI is calculated with the following formula : 

g:::o:t::::tttl:t:ttt::t::;;ttll::"'"''"'''''''''''''' '''''"''''"'''"'''"' ' ' ' '"'''''''''''''""' '''''''::o:::t::::m::•:::::m:o:t;;u:tu:::::::oa:::::::;:tt::::::t:::::::t:::z:t;n::::o:m:a:::::c.:/!l:t::::::::::r:: ::;~z::;:: ::m::::t::a:::tz::: :z:t::l: : ::::z:::::: : t:;:.:::: : t:::zt::::::z:tt: ::t::::::t : : : ":::o::::::::::: 

Loss of weight Surface area 
of the specimen 

CRI 

when applied to a cylindrical specimen the CR-Index is 

CRI 

were W1 = dry weight before testing 
W2 = dry weight after testing 
Rct = diameter of the cilinder 
Rs = diameter of imaginary sphere of the same content 
D = thickness of the cilinder 

% C03 = total amount of carbonate material 

Rs is calculated from the formula Rs = V { 3/4. Rct . D } 
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The temperature at which the 
degrees centigrade. For each test 
required. The measurement accuracy 
and + 0.005 gram for weight. 

test was performed was 22 
a new volume of acid is 
is + 0.05 mm. for length's 

4.11- Presentation of the Test Results 

The complete record of all calculated test results is given 
1n tables 4.11.2 - 4.11.4 . In these tables the above mentioned 
parameters are indicated for the twelve limestone samples. To 
simplify the presentation codes for the samples and abbreviations 
for the parameters, which are explained at the top of the table, 
are used (table 4.11.1). The accuracies are conform the 
limitations of the performed tests. 

4.12 Microscope Study 

The main aim of the microscope study was the identification 
of features related to engineering properties. As mentioned in 
chapter 2 the important contaminant minerals, besides carbonates, 
can be quartz, both detrital and silica quartz, and clay minerals 
such as bentonite and illite. Small amounts of carbonaceous fines 
cause the grey colour in the limestones. From physical point of 
view the grain sizes and the hardnesses of the various minerals 
form a point of investigation. The cuttability and the abrasive 
capacity are engineering parameters directly related to these 
factors. 

From the limestone samples 12 thin sections have been 
examined under a transmitted light polarizing microscope. With 
the use of density diagrams the percentages of non-carbonate 
minerals have been estimated. The determination of grain sizes 
was done following the linear intercept method ; here the average 
intercept length has been multiplied by a correction factor of 
1.5 as suggested in DIN 22021 (1985). 

The data are summarized in table 4.12.1 where also the 
g:p,~gin of the components is given. If the rock consists of 
particles and matrix, the grain size of both is indicated. 
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Laboratory of Engineering Geology 
Technical University of Delft 

IYf.~ _QE_I~s~--~-

UCS = Unconfined Compressive Strength <MPal 
BTS = Brazilian Tensile Strength <MPa) 
USS = Unconfined Shear Strength <MPal 
E-Modulus = Deformation Constant <GPal 
Poisson ' s Ratio= Lateral/Vertical Strain 
Velocity = Ultra Sonic Velocity (m/sl 
Porosity = Effective Porosity <Xl 
Permeab. 
N.M.Cont 

Permeability <mDarcy) 
Natural Moisture Content <X> 

Dry Density = Dry density <Tons/MA3) 
Nat. Density = Natural Density <Tons/MA3) 
CR-Index = Carbonate Resistance Index 
Id2 =Slake Durability Index 
MgC03 /.'=Magnesium Carbonate X <Dolomite) 
CaC03 I. = Calcium Carbonate X 
XRF ANALYSIS = X-Ray Diffraction 

STATISTIC CODES <see table 5.1.1) 

Nx = Number of test results 
[S.D.J =Standard Deviation 
Avq. = Average Value 
*--_f ~t::. __ m~_9_L~11-~Y.§.!:~9~-~51J..!:•~~ --C)_f __ !:~~ t:~c.! __ ~~~---
~ ____ ! ~r: ___ 1!1_~~~-- ~ "-~'="-~9~ ---'='-~1- '::'.~.~---··-~ f ____ !:§.~.!: .. ~cl._ .!S.~!: .. l! _________ _ 

~~§~~-D :f~!:__ }"_§:ST - ~E::_§_':!~T.~ 

The Engineering Geological 
Classification of Limestone 

I_Y_PE _ OF L I M§_STO_t~_IL! _ _ ___________________ _ 

Magnesian Limestone 
Upper Chalk 

SL01 
SL02 
SL03 
SL04 = 

=Lower Oolite 
Upper Doli te _ 

SL05 
SL06 
SL07 
SLOB 
SL09 
suo 
SL11 
SL12 

Wenlock Limestone 
Carboniferous Limestone 
Maassteen <Crinoid Lst.l 
Muschelkalk 
Belgian Fossil Limestone 
Red Marble 
Grey Marble 
Limbarqian Marl 

§_AMPLE COQ.~_§__j_§_~!!!_ _ _ge_! §!. ~--1~J_ 1 __ ~_1 =;sL 

For Example SL03.2.1 means: 

SL 
03 
.2 
• 1 

Sample 
Third sample type 
Second test series 
First specimen 
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SAMPLE 
CODES 

U.C.S. E-MODULUS 
MPa GPa 

POISSON 
RATIO 

VELOCITY 
M/S 

SAMPLE 
CODES 

BTS 
MP a 

STRAIN 
10"-3 mm 

SAMPLE 
CODES 

uss 
MP a 

=============================================================================================================================~ 

SL01.1.1 
SL01.1. 2 
SL01.1. 3 
SL01.1.4 
SL01.1. 5 
SL01.1.6 

SL02.1.1 
SL02.1.2 
SL02.1.3 
SL02.1.4 
SL02.1.5 
SL02.1.6 

SL03.1.1 
SL03.1.2 
SL03.1.3 
SL03.1.4 
SL03.1.5 
SL03.1.6 

SL04.1.1 
SL04.1.2 
SL04.1.3 
SL04.1. 4 
SL04. 1.,5 
SL04. 1. 6 

SL05.1.1 
SL05.1.2 
SL05.1.3 
SL05.1.4 
SL05.1. 5 
SL05.1.6 

SL06.1.1 
SL06.1.2 
SL06.1.3 
SL06.1.4 
SL06.1.5 
SL06.1.6 

11.69 
10.18 
13.23 
13.73 
15.29 
12.68 

24.89 
13.48 
26.73 
19.98 
24.63 
25.27 

96.07 
86.75 

115.79 
92.67 

116.47 
95.00 

138.52 
117.25 
125.80 
80.72 

122.59 

81.02 
71.40 
74.99 
75.48 
72.08 
78.10 

107.83 
56.83 
86.07 

170.87 

2.88 
4.22 
5.35 
4.71 
5.27 
4.24 

10.90 
8.91 

10.99 
9.33 

13.39 
13.39 

40.35 
39.89 
38.49 
40.20 
41.19 
42.'f7 

37.37 
30.96 
31.16 
29.86 

32.92 

62.42 
62.57 
57.74 
62.93 
63.16 
64.56 

64.92 
62.38 
62.62 
64 .. 94 

.45 

.30 

.19 

.31 

.13 

.68 

.16 

.15 

.25 
• 11 
.36 
.37 

.33 

.31 

.33 

.27 

.29 

.31 

.32 

.27 

.29 

.37 

.31 

.33 

.33 

.39 

.36 

.36 

.39 

..,. .... 
·-'~ 
.30 
.30 
.35 

2421 
2509 
2612 
2604 
2603 
2750 

4297 
4197 
4233 
411 ·1 
4416 
4057 

5570 
5594 
5575 
5525 
5564 
5534 

5319 
4990 
5103 
5025 
5252 
5236 

5534 
5536 · 
5308 
5571 
5525 
5881 

6277 
6455 
6372 
6404 
6285 

SL01.2.1 
SL01.2.2 
SL01.2.3 
SL01.2.4 
SL01.2.5 
SL01.2.6 

SL02.2.1 
SL02.2.2 
SL02.2.3 
SL02.2.4 
SL02.2.5 
SL02.2.6 

SL03.2.1 
SL03.2.2 
SL03.2.3 
SL03.2.4 
SL03.2.5 
SL03.2.6 

SL04.2.1 
SL04.2.2 
SL04.2.3 
SL04.2.4 
SL04.2.5 
SL04.2.6 

SL05.2.1 
SL05.2.2 
SL05.2.3 
SL05.2.4 
SL05.2.5 
SL05.2.6 

SL06.2.1 
SL06.2.2 
SL06.2.3 
SL06.2.4 
SL06.2.5 
SL06.2.6 

1.38 
2.41 
2.15 
1. 03 
2.22 
2.18 

3.23 
2.38 
3.37 
1. 53 
3.43 
3.74 

6.87 
5.64 
6.72 
6.05 
6.21 
5.93 

5.62 
6.08 
6.88 
6.81 
7.41 
8.47 

6. 10 
5.05 
6.59 
5.43 
6.37 
6.42 

9.31 
7.51 
9.53 
7.59 
8.01 
4.53 

175.42 
223.02 
163.08 
161.50 

3.91 
197.87 

158.44 
345.21 
186.65 
151.61 
167.96 
157.10 

154.54 
127.32 
96.56 
95.46 

103.89 
82.03 

135.25 
186.09 
135.86 
110.10 
113. 16 
142.60 

59.20 
58.72 
70.07 
56.88 
66.04 
64.58 

90.33 
72.63 
84.96 
65.06 
80.08 

SL01.3.1 
SL01.3.2 
SL01.3.3 
SL01.3.4 
SL01.3.5 
SL01.3.6 

SL02.3.1 
SL02.3.2 
SL02.3.3 
SL02.3.4 
SL02.3.5 
SL02.3.6 

SL03.3.1 
SL03.3.2 
SL03.3.3 
SL03.3.4 
SL03.3.5 
SL03.3.6 

SL04.3.1 
SL04.3.2 
SL04.3.3 
SL04.3.4 
SL04.3.5 
SL04.3.6 

SL05.3.1 
SL05.3.2 
SL05.3.3 
SL05.3.4 
SL05.3.5 
SL05.3.6 

SL06.3.1 
SL06.3.2 
SL06.3.3 
SL06.3.4 
SL06.3.5 
SL06.3.6 

7.92 
7.76 
4.47 
5.21 
4.45 
7.02 

13.78 
11.27 
16.57 
14. 17 
9.80 

13.34 

22.04 
20.91 
25.14 
22.65 
14.45 
15.26 

21.61 
20.26 
16.31 
19.80 
17.22 
22.62 

21.52 
21.72 
19.26 
10.39 
26.78 
20.36 

22.:2:3 
19.88 
24.40 
22.64 
30.26 
24.70 

============================================================================================================================== 
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SAMPLE 
CODES 

U.C.S. E-MODULUSPOISSON 
MPa GPa RATIO 

VELOCITY 
M/S 

SAMPLE 
CODES 

BTS 
MP a 

STRAIN 
10··' -3 mm 

SAMPLE 
CODES 

uss 
MP a 

==================c=========================================================================================================== 

SL07.1.1 
SL07.1.2 
SL07. 1. 3 
SLO? .1. 4 
SL07.1.5 
SL07 .1. 6 

SL08.1.1 
SL08.1.2 
SL08.1.3 
SL08.1.4 
SL08.1. 5 
SL08.1.6 

SL09.1.1 
SL09.1. 2 
SL09.1.3 
SL09.1.4 
SL09.1.5 
SL09.1.6 

SUO. 1. 1 
suo. 1:2 
SU0.1.3 
SUO. 1. 4 
suo. 1. 5 
SUO.l. 6 

SL11.1.1 
SL11.1.2 
SL11.1.3 
SL11.1.4 
SU1.1. 5 
SL11.1.6 

SU2.1.1 
SU2. 1. 2 
SU2. 1. 3 
SU2. 1. 4 
SU2.1. 5 
SL12. 1. 6 

195.06 
185.83 
190.78 
191.85 
194.67 
184.37 

83.81 
51. 10 
37.61 
66.58 
39.29 
66.21 

148.82 
159.51 
153.00 
159.99 
158.63 
162.52 

96 . 07 
80.53 
86.55 

107.15 
61. 10 

105.20 

141.34 
160.96 
156.01 
156.01 
178.45 
152.12 

3.54 
3.72 
4. 11 
3.46 
2.86 
3 .41 

70.09 
69.94 
70.18 
70.83 
70.37 
70.61 

17. 16 
12.20 
11. 81 
15.81 
13.17 
16. 11 

69 . 18 
70.80 
69.29 
69.83 
69.72 
70.72 

51.40 
52.55 
57.66 
54.22 
55.46 
59.42 

68.46 
67.52 
62.10 
62.36 
66.77 
76.58 

1. 24 
1. 29 
1._17 
1. 25 
1 • 01 
1. 28 

.32 

.31 

.31 

.30 

.32 

.32 

.37 

.32 

.70 

.44 

.19 

.27 

.29 

.34 

.32 

.34· 

.35 

.35 

.22 

.34 

.27 

.28 

.37 

.32 

.32 

.29 

.30 

.30 

.34 . 

.34 

.22 

.25 
• 29 

'"'"'" • ..::....J 

.19 

.30 

6569 
6526 
6562 
6569 
6559 
6536 

6136 
4141 
4103 
4132 
4212 
4128 

6439 
6445 
6445 
6468 
6432 
6413 

6006 
6104 
6166 
6153 
6196 
6210 

6155 
6226 
6206 
6097 
6212 
6200 

1755 
1746 
1741 
1792 
1772 
1790 

SL07.2.1 
SL07.2.2 
SL07.2.3 
SL07.2.4 
SL07.2.5 
SL07.2.6 

SL08.2.1 
SLOB.2.2 
SL08.2. 3 
SL08.2.4 
SL08.2.5 
SL08.2.6 

SL09.2.1 
SL09.2.2 
SL09.2.3 
SL09.2.4 
SL09.2.5 
SL09.2.6 

suo. 2. 1 
SUO. 2.2 
SU0.2.3 
suo. 2. 4 
suo. 2. 5 
suo. 2.6 

SU1.2.1 
SU1.2.2 
SL11.2.3 
SU1. 2. 4 
SU1.2.5 
SU1. 2. 6 

SU2. 2. 1 
SL12.2.2 
SU2. 2. 3 
SU2.2. 4 
SU2.2 . 5 
SU2.2.6 

6.57 
7.90 
8.14 
7.70 
6.91 
6.84 

5.22 
7.39 
6.49 
4.20 
5.84 
5.59 

9.63 
6.34 
9.71 

8.75 
6.20 
9.50 

6.59 
7.05 
5.65 
6.46 
7. 11 
5.01 

9.42 
8.65 
8.39 
7.83 
9.75 

10.47 

.41 

.41 

.40 

.38 

.33 

.37 

61.17 
83.84 
75.81 
76.66 
73.12 
74.71 

119.02 
145.26 
134.40 
226.07 
151.00 
136.35 

96.44 
86.55 
92.16 
89.48 
93.63 

105.35 

177.60 
96.56 

104.25 
152.59 
81.79 
75.93 

95.33 
86.91 
78.98 
89.36 
94.36 

101.20 

430.78 
467.65 
425.70 
505.16 
384.03 
363. 16 

SL07.3.1 
SL07.3.2 
SL07.3.3 
SL07.3.4 
SL07.3.5 
SL07.3.6 

SL08.3.1 
SL08.3.2 
SL08.3.3 
SL08.3.4 
SL08.3.5 
SL08.3.6 

SL09.3.1 
SL09.3.2 
SL09.3.3 
SL09.3.4 
SL09.3.5 
SL09.3.6 

suo. 3. 1 
suo. 3.2 
suo. 3. 3 
suo. 3. 4 
suo. 3. 5 
suo. 3. 6 

SL11. 3. 1 
SU1.3.2 
SL11.3.3 
SU1. 3. 4 
SU1. 3. 5 
SU1. 3. 6 

SU2. 3. 1 
SU2. 3. 2 
SU2. 3. 3 . 
SU2. :.:; . 4 
SU2. 3. 5 
SU2. 3. 6 

32.70 
24.36 
24.57 
25.41 
22.79 

21.60 
19.85 
19.46 
20.44 
13.97 
18.76 

20.64 
19.88 
21.65 
22.13 
22.79 
22.69 

28.81 
21.52 
34.66 
26.99 
29.67 
29.55 

20.77 
24.44 
20.93 
20.49 
18. 15 
21.85 

1. 07 
.68 
.59 
. 94 
.69 

1. 01 

============================================================================================================================== 
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CODE POROSITY PERMEABILITY DRY DENSITY NAT. DENSITY M. N. CONT. CR-INDEX SLAKE DURA- XRF-ANALYSIS 
SAMPLE Cl.> m Darc:y <TON/M3> <TON/M3> ('/.) BILITY Id2 
===============================~=========a================================================================== 

SL01.4.1 38.16 2.46 1. 75 2. 11 17.38 154.3 80.91 CaC03X-62.18 
SL01. 4. 2 37.93 2.60 1. 76 2. 11 16.78 163. 1 MqC03X-37.92 
SL01. 4. 3 37.81 3.57 1. 77 2. 13 16.95 

SL02.4.1 14.97 0 2.30 2.41 4.75 70.6 98.03 CaC03X-97.60 
SL02.4.2 16.59 0 2.25 2.38 5.26 75.0 MqC03X- 0.90 
SL02.4.3 15.53 0 2.28 2.40 ·5.23 

SL03.4.1 5.41 0 2.57 2.61 1.60 86.1 98.78 CaC03'1.-92.66 
SL03.4.2 2.71 0 2.59 2.63 1. 36 85.5 MgC03'1.- 1. 19 
SL03,4.3 3.27 0 2.58 2.62 1. 50 

SL04.4.1 2.12 0 2.53 2.58 2.07 75.7 99.65 CaC03'1.-83.64 
SL04.4.2 2.09 0 2.55 2.59 1. 65 80.6 MqC03'1.- 0.99 
SL04.4.3 1. 79 0 2.51 2.:57 2. 11 

SL05.4.1 1. 11 0 2.68 2.68 .02 79.3 98.86 CaC03'1.-97.41 
SL05 . 4.2 1. 14 0 2.68 2.68 .04 82. 1 MqC03'1.- 1. 10 
SL05.4.3 .98 0 2.68 2.68 .02 

SL06.4.1 .60 0 2.67 2.67 • 19 75.0 98.11 CaC03X-98.40 
SL06 .• 4. 2 .49 0 2.68 2.68 • 13 78.7 MqC03X- 1. 13 
SL06.4.3 .61 0 2.6..7 2.68 • 21 

SL07.4.1 .37 0 2.69 2.69 .05 88.8 99.32 CaC03X-99.37 
SL07.4.2 .70 0 2.68 2.68 .09 91.1 MgC03X- 0.74 
SL07.4.3 .66 0 2.68 2.69 .09 

SL08.4.1 6.13 0 2.56 2.58 .69 108,6 96.31 CaC03X-82.01 
SL08.4.2 4.02 0 2.55 2.57 .64 113.6 MqC03'1.- 4.29 
SL08.4.3 6.10 0 2.54 2.56 .79 

rt SL09. 4. 1 .88 0 2.67 2.67 .02 78.2 99.38 CaC03%-97.13 
AI SL09.4.2 1. 04 0 2.66 2.66 .03 78.8 MqC03X- 1. 51 0"' 
1-' SL09.4.3 .99 0 2.67 2.67 .05 CD 

p. SL10.4. 1 .64 0 2.69 2.69 .07 75.9 98.99 CaC03X-91.00 . 
I-' suo. 4. 2 .63 0 2.69 2.69 .13 78.4 MqC03X- 2.00 
I-' 

2.69 2.70 .05 . SL10.4. 3 .49 0 
p. 

SL11. 4. 1 .84 0 2.68 2.69 • 19 75.5 99.48 CaC03i~-96. 71 
SL11. 4. 2 • 76 0 2.68 2.69 . 15 77.2 MqC03X- 1. 99 
SL11.4.3 .78 0 2.68 2.68 . 16 

SL12. 4 . 1 50.15 4600 1. 34 1. 72 22.20 258.0 71.41 CaC03%-96.64 
SL12.4.2 50.02 5500 1. 34 1. 71 21.98 266.6 1'1qC03X- 1. 70 
SL12. 4. 3 49.97 5400 1. 33 1. 71 21.97 

============================================================================================================ 
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MICROSCOPE STUDY OF THIN SECTIONS 

•c••=••a••~c===================•••~=•=•==••=•==m==•======z===•======a============~====z=•=~=======•======~======= 

SAMPLE 
CODES 

GRAINSIZE 
mm 

QUARTZ FELDSPAR **ARG.FINES CARBON 
(%) (%) (%) 

SHAPE OF 
PART./CRYST. 

TYPE OF 
COMPONENT 

ABRASIVE 
CAPACITY 

=================================================================================~====-=·======================== 

SL01 .13 Particle Rounded Oolitic 0 
.001 Matrix 

SL02 .07 Particle + + Rounded Skeletal 
.002 Matrix 

SL03 .80 Particle ++ + + Sub Rounded Pellets 2 
• 07 Matrix 

SL04 .09 Particle 00 + Sub Rounded Sketetal 1 
.002 MatriK + Muds 

SL05 4.80 Crystals + Irregular Skeletal 
(Reefoidal> 

SLOb .09 Particle + Rounded Skeletal 
*Crys.c:em. 

SL07 .48 P.article + Round•d Skeletal 2 
*Crys.c:em. <Crinoidal) 

SLOB .01 Particle 00 Sub Angular Muds 1 
*Crys.cem. 

SL09 . bO P111rticle + + Sub Angular Oolitic 2 
*Crys.cem. + Fossoils 

SL10 .01 Crystals + + Angular Skeletal 2 
<Reefoidal) 

SL11 .08 Crystals + + Angular Skeletal 2 
<Reefoidal) 

SL12 - . 12 Particle Rounded Pellets 0 
• 01 MatriK 

================================================================================:============================-=== 

LEGEND OF MICROSCOPE DATA ··--..... _.,_,,_ .. ___ .,,.,,, __ , .. , ... - .. ~ .... -~ ..... ,,, ____ ,,,_,,_ .. ,, .... -·-····- .. ··-···--

MODAL VOLUMES OF MINERALS : ..... _. __ , ___ __ , ·-------· ·-·---·-------··· .. -.,.,._ .. ,_ .. , _______ _ 

OD = 6-10 '" 0 = 3-6 '" 
++ "' 1-3 I. 

+ ... < 1 I. 

ABRASIVE CAPACITY : - ·-- ----·----·-·-·-·--·-- _, _____ _ 
F = Quartz /. * Grainsize * 

BTS * 10 

CIJIT~.~ I LITY_!_ 

Ratio <UCS/BTS> 

TY.f.'.~ __ gf _ h~f1.£;§>J:f:J!"!.~ - :__ 

Magnesian Limestone 
"" Upp£lr Chalk 

SLO~ 
SL02 
SL03 
SL04 
SL05 
SLOb 
SL07 
SLOB 
SL09 • 
SL10 
SL11 
SL12 

Lowli!r Oolite 
Upper Oolite 
Wenloc:k Limestone 
Carboniferous Limestonv 
Maassteen <Crinoid Lst.> 

"' MLIIiiChill kal k 
Belqi~n Foseil Lim•stona 
Red Marble 
Grey Marble 
Limbarqian Marl 

* = Crystalline Cement 
**= Argillaceous Fines 

==================================~=================================~============================================ 





5 Evaluation of test results 

In order to be able to rely upon the information about the 
test results, the strength's and weaknesses of the various data 
must be assessed. This can be done with the help of statistics 
and a knowledge of the limestones in relation to their 
properties. When the test parameters are also compared it is 
possible say something about the degree of correlation. 

5.1 Statistical Analysis 

Distributions of the performed tests have certain charac­
teristics such as their midpoint; measures indicating their 
spread; and measures of symmetry of the distribution. These 
characteristics are known as parameters if they describe the 
population of a limestone, and statistics if they refer to sets 
of limestone test data. In the following sections the statistics 
are used to estimate the parameters of the parent population, 
which is represented by the single block, and to test hypotheses 
about these populations. 

The most obvious of a data set is some type of average 
value. Two of the important ones are the mean and the median; the 
mean representing the sum of the data divided by the number of 
data; and the median being the value, which at ranking in height 
takes the most middlemost value. To decide which average renders 
the most realistic value for the limestone properties concerned, 
the character of the frequency distribution is of importance. In 
a normal distribution, which is symmetric, the highest frequency 
coincides with the mean and the median. Since in this case the 
mean uses the values of all the data, and is demonstrated to be 
closer to the population mean than any other average, it is the 
most useful estimator. If however the distribution is strongly 
asymmetric the median may render more information about the 
population of limest~ne properties, because it is not so sensi­
tive to single values with a large deviation. In strength 
properties the median value tends to be higher than the mean 
value. This is caused due to the fact that local weak planes in 
the block of limestone result in low test values, which are by no 
means representative for the rock material. 

A set of data consists of all the values related to one test 
parameter and to one type of limestone (table 4.11.1). To test 
the hypothesis whether a data set is normal or not, and whether 
the mean value should be used or not, only the sets of 6 data can 
be subjected to such a normality test. Concerning the sets with 
less data, their number is too small to predict their 
distribution. Hence only a mean value can be calculated. 

23 



1 '0 

015 

0 

---- - - -
i x(i) ( x( i) - x)/s ti = F(x(i)) (t 

1- f--

1 1134 -11581 010569 
2 1138 -1 1186 011178 
3 1141 -0 1889 0 1 1870 
4 1 14 7 -01296 i 013836 
5 1 149 -01099 

I 
014606 

6 1153 0 1296 016164 
7 1156 01593 0 17234 

. 8 1157 

I 

01692 I 017555 

I 
f) 1 , Sfl n. Ri\'l I n . Ann 

lU 11uu 11581 1 u. ~l-131 
---- ----- - 1 - -- -------- -- ---t ---

w2 = 0101755 + Do = 0 102588 1 
-- ·----- -----· --

114 1 ,6 

..,. I 
-l :- . )2 

2n 

0100005 
0,00104 
0,00397 
0 100113 
0100011 
0100441 
0100539 
0,00003 
n,nn1:.7 
U , LllHJU 5 

0,017 55 

figure 5 •. 1.1 the cumulative frequency distribution of 
a data set (xi) ( van Soest 1983 ) 



In case of a small number of data per set the most su i table 
test for normality is the one characterized as the empirical 
distribution function Fn ( appendix C.l ) , which estimates the real 
distribution F. With this method it is possible to check the 
cumulative fre quency distribution for normality with a certain 
unreliability ( fig. 5.1.1 ) . If the integrated quadratic 
difference between Fn and F is lower than a critical value, the 
distribution of the data set gives no cause for the population 
not to be normally distributed. This critical value is defined 
by the unreliability and the number of data in the set. If 
however the difference is higher than the normality of the data 
set is rejected and nothing can be said about the distribution of 
the population. In that event the median value is then taken as a 
representative average. 

A measurement of the spread in the distributions 
the calculation of the standard deviation for 
containing more than 2 data. 

is given by 
every set 

After application of the normality test it proved that 86 % 
of the data sets was normal distributed with a 10 % unreliability 
and 14 % of the data were not normal distributed. Hence in table 
5.1.1 the average values are marked with an ( *) are median values 
of negative tested data sets and those marked with a (+) are mean 
values of positive tested data sets. Behind them the averages, 
standard deviations and the number of data are given . 

In case of the porosity of the Lower Oo l ite limestone ( SL03) 
the difference between the three values was so high that it 
seemed not reasonable to define mean and deviation here. 

5.2 Remarks on the average values 

The UCS shows a wide range of values, which may be 
considered are representative for limestones with relative high 
moisture contents, in specific the weak limestones.An overview 
of ~ll the stress vs . strain curves is given in figures 5.2.1-
5.2.3, each plot containing 4-6 specimen of the same type. In 
figure 5.2.4 the relation of UCS vs. Geological age proves that 
not always the strength does increase with time. Four types 
(Permian limestone SLOl, Silurian l i mestone SL05, Carboniferous 
limestone SL06 and Devonian limestone SLlO) show deviating 
behaviour, which may be the result of external influences such as 
the relaxation of tectonic stresses or weathering processes . 

The highest E-moduli are approximately 70 GPa and are 
therefore concurring to the expectation that pure calcite has the 
highest value, namely 85.0 GPa (Belikov 1967). The type of 
failure is for the stronger limestones generally an axial multi 
fracture, whereas for the weak ones mainly conical shaped end 
segments are formed along single shear planes. From figures 5.2 . 5 
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5.2.7 to typ ica l E-modul i are viewed for all the samples. 

The Poisson ratio's vary from 0 . 23 
accordance wit h th e mentioned limestone ranges 
( Lama & Vutukuri 1978). 

to 0.34 which is in 
in the literature 

The ultra sonic velocities are can be related with the 
velocity of calcite. The quality of the limestone can be indexed 
by means of a ra t io (Fourmaintraux 1976) 

IQ % = and Vcalcite = 6600 m/s 

Experiments have established that the IQ is affected by pores and 
fissures. Typical values for strong limestones range from 6000 to 
6500 m/s 

The brazilian tensile strength shows only for the "Maas­
steen" (SL07) an unexpected low value. The reason is unknown. 
From the stress vs. strain plots in fig. 5.2.8- 5.2.10 it is 
seen that the stability of the curve decreases with increasing 
strain. The reason is the inaccuracy of the load transducer. The 
weak Limburgian Marl shows an enormous frequency, which is due to 
the large amoun t o f strain measurements at low stress. 

The measur e d porosity 
permeable l i mes to nes, such as 
and the Magnes ia n Limestone 
porosities to a higher degree 

is an effective porosity, hence 
the Limburgian Marl (SLl2 ) 

(SLOl ) , will approach the total 
than the nearly impermeable ones. 

The zero permeability values of the stronger limestones 
indicates that nothing could be measured. The general permeabili­
ties of these limestones should be, according to the literature 
(Brace 1978) between 10-s and 10-13 m/s. 

The slake durability can be rated with the classification of 
Gamble (1971) Concerning the data the lowest durability is then 
rated as "medium durability" (table 5.2.1). 

::m::n:::rtnln:::u:m::m::m:a ::::m:r:l::c:l::::::l :::::::a:::::a::!r::a:::~::::~::;:l::a ::::::m:a::::m::::m:mmm:.:~:mu:::u:::: 

;; 

groupname 

very high durability 
high durab ility 
medium hi g h durability 
medium durability 
low durability 
very low durability 

% retained after 
two cycles 

> 98 
95-98 
85-95 
60-85 
30-60 

< 30 

table 5.2.1 Gamble's slake durability 
classification 
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The dry densities are all lower than the absolute density of 
pure calcium carbonate; specific gravity of CaC03 is - 2.71 
(Handbook of Chemistry and Physics l982 ) .The differences in dry 
density are in the first place explained by pores and fissures 
and secondly by the contaminant minerals of the samples, with 
different specific gravities; MgC03 (magnesium ) has a specific 
gravity of 2.95 This causes the gravity o f t he Magnesian 
Limestone (SL02) to be slightly higher than normal. 

From the X-ray diffraction it is apparent that not all the 
sampled limestones are indeed pure limestones; the Magnesian 
Limestone (SLOl), the Upper Oolite Limestone ( SL04) and the 
Muschelkalk (SL08) have a CaC03 content between 50 % and 90 %, 
and thus actually have. to be named "impure limestones" following 
the geological classification of Leighton & Pendexter. 

The lowest value of the CR-Index is estimated to be in the 
range of 65-70 (fig. 5.3.2). Deviating values of the Carbonate 
Resistance Index are the Upper Chalk (SL02) and the "Maassteen" 
(SL07). It is found from the results that the solubility is 
reated to the effecive porosity of the rock. 

5.3 Correlation of Parameters 

When the parameters are mutually compared t wo types of 
functions are suggested from the correlation of the plots ; 
linear and logarithmic functions. If the correlation coefficient 
for such a function is greater than 0.8 it is assumed that the 
parameters are related. In the following sections correlations 
are made between the most important parameters. 

Generally there are three groups distinguished by the sort 
of parameters compared; the mechanical parameters, like UCS, BTS, 
E-modulus and the physical parameters like porosity, density 
sonic velocity and moisture content. 

In the first group 
with each other, and in 
evident; If the UCS 
proportionally. 

the mechanical parameters are compared 
figure 5.3.1 linear correlations are 

increases the BTS and E-modulus increase 

In the second group mechanical parameters are correlated 
with physical ones (fig. 5.3 . 2 ) . It shows that these relations 
have a strong tendency towards logarithmic functions, because 
their correlation coefficient may be as high as 0.96 
The logarithmic functions have asymptotes at X and Y values. 
For example the sensitivity of UCS is the highest for very low 
porosity values and therefore the relation has a vertical 
asymptote. It is confirmed in the literature (Dearman 1982) that 
this is true (fig. 5.3.3) for dolerites. 
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figure 5.3.3 The relation between Porosity 
and UCS (Deannan 1982) 



The third group regards physical vs. physical parameters, 
such as dry density vs. porosity (fig. 5.3.4). For this example a 
linear correlation is almost absolute. When reviewing the 
literature it was found that this is correct (Goodman 1980 ) for 
the relation porosity vs. dry density : 

= ¥w .G. ( 1-n) were r dry 

rw 
G = 
n 

= dry density 
= wet density 

specific g·ravity 
= porosity 

The other correlations in this group exhibit the same linearity. 

Finally the correlation of grain sizes with mechanical and 
physical properties did not exist for the sample data. 
Correlation coefficients were between -0.5 and 0.5 
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===========================~================================================================================================= 

CODE 
SAMPLE 

u. c.s. 
Avq. 

< MPa > 
CS. D. J Nx 

E-MODULUS < GPa > POISSON RATIO SONIC VEL. < M/S > 
Avq. [S.D . J Nx Avq. [S.D.J Nx Avq. [S. D. J NJ< 

============================================================================================================================= 
SL01 
SL02 
SL03 
SL04 
SL05 
SLOb 
SL07 
SLOB 
SL09 
SL10 
SL11 
SL12 

12.82 + 
24.7b * 

100.46 + 
116.98 
75.51 + 

105.40 
190.43 + 
57.43 + 

157.08 + 

91.31 * 
157.48 + 

3.52 + 

[ 1. 75] 
[ 4. 97] 
[12.56] 
[21.73] 
[ 3.63] 
[48.40] 
[ 4.46] 
[17.99] 
[ 5.12] 
[17.30] 
[12.21] 
[ .41] 

6 
6 
6 
5 
6 
4 
6 
6 
6 
6 
6 
6 

4.48 * 
11.15 + 
40. 15 + 
32.45 
63. 13 + 
b3.72 
70.34 + 
14.27 + 
b9.92 + 
55.12 + 
67.23 + 

1. 21 + 

[ .91J 
[1.92J 
(1.42] 
(2.96J 
( .85] 
[1.41J 
[ .34] 
[2.20J 
[ .69J 
[3.04J 
[5.28J 
[ . 11] 

6 
6 
6 
5 
6 
4 

6 
6 
6 
6 
6 
6 

.31 * 

.23 + 

.31 + 

.31 

.34 + 

.32 

.31 + 

.35 * 

.33 + 

.29 + 

.32 + 

.25 + 

[.20J 
[. 11] 
[.02] 
[.03] 
(. 02] 
[. 02] 
[. 01] 
[.19] 
[.02] 
[.05] 
[.02] 
(.04] 

6 
6 
6 
5 
6 
4 
6 
6 
6 
6 
6 
6 

2580 + 
4198 + 
5560 + 
5169 + 
5535. * 
6358 + 
6553 + 
4137 * 
6440 + 
6139 + 
6183 + 
1766 + 

[110] 6 
[117] 6 
[ 26] 6 
[123] 6 
[ 184] 6 
[ 77] 6 
[ 18] 6 
(814] 6 
[ 18] 6 
[ 75] 6 
[ 48] 6 
[ 22J 6 

============================================================================================================================= 
CODE 
SAMPLE 

B.T.S. 
Avq. 

< MPa > 
CS.D.J Nx 

u.s.s. 
Avq. 

( MPa ) 
CS.D.J Nx 

POROSITY 
Avq. 

(I.) 

CS. D. J Nx 
F'ERMEAB. <mDarcyl SLAKE DURABILITY 

Avq. CS.D.J Nx INDEX 
============================================================================================================================= 

SL01 
SL02 
SL03 
SL04 
SL05 
SLOb 
SL07 
SLOB 
SL09 
SL10. 
SL11 
SL12 

2.17 * 
2.95 + 
6.24 + 
6.88 + 
6.18 + 
7.75 + 
7.34 + 
5.79 + 

9.13 * 
6.31 + 
9,09 + 

.38 + 

[ .55] 
[ .83] 
[ .47] 
[1.00] 
[ .46J 
[1.80] 
[ .65] 
[1.09] 
[1.65] 
[ .83] 
( .97] 
( .03] 

6 
6 
6• 
6 
6 
6 
6 
6 
6 
6 
6 
6 

6.14 + 
13.16 + 
20.08 + 
19.64 + 
20.94 * 
24.04 + 
25.97 
19.66 * 
21.63 + 
28.53 + 
21. 11 + 

.83 + 

[ 1. 6] 
[2.4] 
[4.3] 
[2.5] 
(5.4] 
(3.5] 
[3.9] 
[2.7] 
[1.2] 
(4. 3 ] 
(2. 1 J 
( .2] 

6 
6 
6 
6 
6 
6 
5 
6 
6 
6 
6 
6 

37.97 
15.70 

2.00 
1.08 

.57 

.68 
5.42 

.97 

.59 

. 79 
50.05 

[ • 18] 
[ . 82] 

[ . 18] 
c :o9J 
( .07] 
[ • 18] 
[1.21] 
[ .08] 
[ .08] 
[ .04] 
[ .09] 

3 
3 

3 
3 
3 
3 
3 
3 
3 
3 
3 

2.88 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

5450 

[. 60] 3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
2 

80.91 
98.03 
98.78 
99.65 
98.86 
98.11 
99.32 
96.31 
99.38 
98.99 
99.48 
71.41 

==============================r============================================================================================== 
CODE MOIST.CONT (/.) :~ WET DENSITY <TON/M3> DRY DENSITY <TON/M3) CaC03 MqC03 CR- INDEX 
SAMPLE Avq. CS. D. J Nf ' Avq. CS. D. J NH Avq. [S.D. J NH (/.) (/.) Avq. of 2 
==========================;================================================================================================== 

SL01 
SL02 
SL03 
SL04 
SL05 
SLOb 
SL07 
SLOB 
SL09 
SL10 
SL11 
SL12 

17.04 
5.15 
1. 48 
1.94 
.03 
.18 
.77 
.70 
.03 
.09 
.17 

22.05 

[. 31] 
[.29] 
[. 12] 
[. 25] 
[ .01] 
( . 04 J 
(. 02] 
(.08] 
[.02J 
[. 04] 
(.02] 
[. 13 ] 

3 
3 
3 
3 
3 
3 
3 
7 _, 

3 
3 
7 _, 
3 

2.12 
2.40 
2.62 
2.58 
2.68 
2.68 
2.69 
2.57 
2.67 
2.69 
2.69 
1. 71 

[.01] 
[.02] 
[.OlJ 
(.01] 
[.00] 
(.00] 
[.01] 
(.01] 
[.01] 
[.OOJ 
[.OOJ 
[.01] 

7 _, 
3 
3 
3 
3 
7 _, 
7 _, 
3 
7 

·-' 
3 
3 
3 

1. 76 
2.28 
2.58 
2.53 
2.68 
2.67 
2.68 
2.55 
2.66 
2.69 
2.68 
1. 3 4 

[.01] 
(. 02] 
(.02] 
[. 02] 
(.00] 
C.OOJ 
[. 01] 
[. OlJ 
(. 01] 
(.00] 
[ . 00] 
[ • (H)] 

3 
3 
3 
3 
3 
3 
3 
7 _, 
7 _, 
3 
3 
3 

62. 18 
97.60 
92.66 
83.64 
97.41 
98.40 
99.37 
82.01 
97.1 3 
91.00 
96.71 
96.64 

37.92 
.90 

1. 19 
.99 

1. 10 
1. 13 

.74 
4.29 
1. 51 
2.00 
1. 99 
1. 70 

158.7 
72.8 
85.8 
78.2 
80.7 
76.9 
90.0 
111. 1 
78.5 
77.2 
76.4 
262. 3 

============================================================================================================================= 
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SAMPLE 02 . 1 . i CRETACEOUS LIMESTONE 
25 . 

-2.i0 - . 300 1 . 50 3.30 5 . i0 
hor . strain M10--3 vert . strain Mto · -3 

Laboratory Engineering Geology Oelft University of Technology 

SAMPLE i2 .i . i CRETACEOUS LIMESTONE 
25 . 

20 . 

I 
"' a. 
X 

"' +i5 . 
"' QJ 

L ... 
"' 

fiO . 

r 
5.0 

- 2.i0 -. 300 
hor . strain MI0 .-3 

i . 50 3.30 5 . i0 
vert. otraln Mlo· - 3 

Laboratory Engineeri ng Geology Oelft Uni~ersity of Technology 

SAMPLE 01.1.1 PERMIAN LIMESTONE 
25 . 

-2.i0 
hor . strain Mi0--3 

"' a. 
X 

- . 300 

20 . 

i . 50 3.30 5.i0 
vert. strain Mto·-3 

Laboratory Engineering Geology Delft University of Technology 

SAMPLE ii .i. i DEVONIAN LIMESTONE 
200 

-1.40 -. 200 
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6 Proposed Classification System 

To t he engineer the importance of a limestone is its 
engineering behaviour either as a rock fragment, an aggregate of 
particles or as an individual processed block .. Apart from this, 
the behaviour of the mass can only be adequately investigated 
when the material properties are sufficiently understood. Hence 
conditions may require the determination of material properties 
in the laboratory as well as in the field. 

6.1 Development 

As concluded in section 2.4 a useful classification system 
for limestones should include the properties strength, density 
and grainsize of the intact rock. The relation between such 
properties may then form a fundamental basis for an empirical 
classification system. Nevertheless the essence of such a system 
must present the behaviour of calcium carbonate in limestones of 
different texture and origin. In order to achieve this the 
development of the classification has to be based on the data of 
pure limestones (more than 90% CaC03 ) . In this way the influence 
of non-carbonate material is minimized. 

With regard to the engineering disciplines mentioned in 
section 2.4, it is convenient to supply quality grades related to 
the strength of the limestones. The grades have to be limited by 
boundari~s required by the engineering practice, hence a general 
strength classification like the one of the Geological Society 
(table 2.4.1) is not applicable. This means that each grade 
should be adapted both numerically and descriptive to the 
engineering strength with respect to critical areas of the 
engineering discipline. 

The empirical distinction of boundaries for the behaviour of 
rock material has been derived from the literature and if 
necessary modified to limestone circumstances. Below the four 
engineering disciplines are supplied with quality grades for 
Unconfined Compressive Strength (table 6.1.1). 
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W'''":a:: :: ::: :: : ::::,:;::::::~::::w:":::m;;;::::m:;~::;a:::::n:a::::::;.:~: . ma::::::::::,:::::m::::::;:::: :::~::::t:wu:::a::u:::;:: ;;t:m::mm: 

!! Quality 
:: Grade 

I 
ri 
III 
IV 
V 

Excavation 

UCS ( MPa) 

> lOO 
50 -100 
12.5- 50 
2.5- 12.5 

0- 2.5 
1!;::::::::::: : :::·:::::::::::::::::::::::::::::::: iL:::a::::>::::: :: :::: ::::::::l!;:::::::::o:::::!:t:t:l:;<::::::::::::::::• 

Foundation 

UCS (MPa) 

0- 3 
3-10 

10-40 
40-80 

> 80 

Tunneling 

UCS (MPa ) 

1- 25 
25- 50 
50-100 

100-200 
> 200 

Aggregates 

UCS (MPa) 

0- 12 
12- 25 
25- 38 
38- 55 

> 55 

table 6.1.1 Approximate ranges for the quality grade of 
limestones based on intact rock. 

Source of ranges Excavation 
Foundation 

Tunneling 
Aggregates 

Franklin (1971) 
~ CP for foundations 

(1972), Q30 (1984) 
Bieniawski ( 1979) 
ASTM C 33 (1979) 

::li 

Additionally from the literature the foll owing information was 
derived for limestone properties and procedures as a guidance to 
engineering practice (table 6.1.2). 

Qua- ii Excavation Foundation Tunnelling Aggregates 
lity ]"'""'""""""'"""""""'""'"'"'""""'""''""""'"""'""'"""'"'"'"""""""'"""'"'"'"""'""'""'"'"'""'"'"""""'""""""'""""'"""""'"'"""""""""""""""""'"'"""""' '"'"""'"""''"'"'"""'""''""""'""""""'""""' 
Gra- :! 
de 

Method of 
removal 

I blast(fragment) 
II blast(fracture) 
Ill blast(loosen) 
IV rip 
V shovel 

Safe Bearing 
Capacity 

(MP a) 

0-0.2 
0.2-0.4 
0.4-0.8 
0.8-2.0 

> 2.0 

Hate of Nature of 
Excavation optimal 

m3 /h per hp concrete 

> 0.16 
0.12-0.16 light 
0.06-0.12 normal 
0.03-0.06 normal 

< 0.03 heavy 

table 6.1.2 presumed values and descriptions of limestone 
qualities for engineering disciplines, under the 
assumption that unweathered and unfractured rock is 
involved. 

To develop the classification system as described, the 
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exact relation of UCS versus Dry Density for pure limestone is a 
starting point ( fig. 6.1.1). At certain angles to this e-power 
curve lines of equal CR-Index f orm the boundaries between the 
quality grad e s. These lines can be derived from the variation in 
the correl atio ns between Dry Density and CR- Index, and UCS and 
CH-Index (fig . 6.1.2 ) . The intervals at a constant CH-Index for 
UCS and Dry Density render three (x,y) pairs on the UCS - Dr y 
Density plot. Through these three points the best fit represents 
the boundary (fig. 6.1.3).To incorporate the quality degrees in 
the diagram the intersecting points of the boundaries and the 
UCS-Dry Density curve are token at the restricting strength's for 
each engineering discipline (fig. 6.1.4). 

6.2 Mode of Operation (figure 6.2.1 ) 

After selection of the required engineering discipline a 
descriptive classification renders a code based on the properties 
texture and grainsize. Additionally information about deformation 
modulus, abrasivity and cuttability could be supplied. Knowing 
the UCS and Dry Density of the limestone the quality grade can be 
determined. Finally, together with the descriptive class ifica­
tion code, the quality grade presents a measure of the engineer­
ing behaviour. 

The application of this classification in the field can be 
realized with the help of light weight equipment; the Schm idt 
hammer for the UCS values; Hydrochloric acid (1.0 N) for the 
CaC03 content and the CH-Index; a lens for texture and gra in 
size; a balance and a lOO ml cylinder and a small oven to measur e 
the Dry Density .The volume of the limestone lump is then 
measured by the difference in the water height, when the lump is 
submerged. 
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FAIR 
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ENGINEERING QUALITY= DESCRIPTIVE CODE + QUALITY GRADE 

figure 6.2.1 Mode of Operation 
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7 Recommendations 

The engineering geological classification of limestone 
material is founded upon requirements of engineering disciplines 
on one side and on geological features on the other. Having this 
in mind the following conclusions can be based on the results of 
experiments performed on intact material 

* From the empirical determined relation between the 
Unconfined Compressive Strength and the Dry Density it is 
possible to derive information about the engineering 
quality of limestone material. 

* Deformation is strongly related to the amount of 
inhomogenities (calcite veins, microcracks, bedding) and 
the amount of pores. In order to obtain a better 
comprehension of the character of limestone deformation, 
cyclic loading should be applied. 

* The Carbonate Resistanc e Index can supply information 
about the solubility of the limestone in a simple and fas t 
manner. However it is not yet clear which influence the 
calciumcarbonate content has on mechanical properties in 
relation to other constituents. Hence impure carbonates 
cannot be classified in the same manner. 
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Appendix A.2 The description of rocks 
for engineering purposes -material 
(IAEG 1981) 

3. Description of Rocks fiir Engineering Purposes 

Description of roclc involves the following steps: 

(i) Determination of the fundamental rock name: the 'lithologkal 
roclc name'; 

(ii) Description of the properties of the rock material; 

(iii) Description of additional properties necessary to describe the fea­
tures of the rock mass . 

The properties of the rock mass are controlled panly by the properties 
of the rock material, but in many rock masses structural features sub­
stantially control the engineering properties . Such features include 
structures and discontinuities such as joints and bedding plane part­
ings , and the distribution of rock and soil materials in the weathering 
profile. 

The three steps listed above provide a 'descriptive rock name' from 
which engineering properties may more readily be inferred than from a 
'lithological rock name' . 

3.1 The D~riptlve Rock !'lame 

In a rock description the main characteristics should be given in the fol­
lowing order: 

Rock name 
Supplementary petrographic properties 

Rock material properties 
Colour 
Texture 

Grain size 
Other textural features and fabric 

State of weathering 
State of alteration 

Strength 
Rock ~1ass Properties 

Structure 
Discontinuities 
Weathering profile 

The descriptive scheme has been modified from that recommended in 
Anon . (1972b) The main differences are in the treatment of state of 
weathering and the weathering profile, and an expansion in the descrip ­
tion of structure. Structural aspects have been dealt with more tho­
roughly by Anon. (1977) and also in I.S.R.M . (1977). 

3.1. 1 The Llthological ~ame: The lithological rock name is of primary 
importance because it indicates the genetic rock group and provides 
basic information on mineral com-position and grain size. Supplemen· 
tary petrographic properties may be used where necessary to qualify the 
rock name, signifying for example a relative abundance of a part icular 
mineral - biotite granite - or indicating minor admixtures of other 
lithological types. These supplementary features may be extremely use­
ful as a means of discriminating between different rocks that have the 
same lithologicai name. ~1inor constituents may also have an impor­
tant effect on the mechanical and physical properties of rocks, and 
should be carefully considered. 

The rock name is selected from the classification tables (Table 1) and 
these are the only rode names that are recommended for use. In ar:iv­
ing at a name for a rock. there is no substitute either for geological 
knowledge or. for an aid to identification that is reliable and easy to ap­
ply. 

LI GHNESS CH ROt-lA HUE 

Light pinkish pink 

Dark reddish red 

ye 11 owi sh yellow 

brownish brown 

greenish green 

b 1 ui sh b lL.e 
. 

white 

greyish grey 

black 

Table 2: Terms for lightness, chroma and hue which may be used 
in combination for colour description 
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3.2 Description or Rock Material 

3.2.1 Colour: Rock colour can be quantitatively evaluated using, for 
example, the Rock Color Chan published by the Geological Society of 
America (Anon. 1963). As an alternative it is recommended that the 
following ·simple system (Anon. 1972b), which serves to limit the sub­
jectivity oi an estimation , should be used. One term is selected, as re­
quired, from each column (Table 2), and combined as a colour assess­
ment. 

Examples of use are: light yellowish brown, dark reddish brown, dark 
brown. etc. If necessary colour differences can be emphasized separate· 
ly by the use of terms such as spotted, dappled. mottled, streaked. for 
example light yellowish brown spotted with dark brown. 

) .2.2 Texture: Of the textural elements used for description and classi­
fic ation, the most important is grain size which, for the predominant 
size of grain, can be classified semiquantitatively. From Table I the rela­
tions between rock names and grain sizes can be understood . It will be 
recalled that the class boundaries have been fixed at limits of grain size 
grades adopted for engineering soils , that is the boundaries between 
clay, silt and sand sizes that are justified and determined by the differ­
ences in the physical behaviour of those soils (Giossop and Skempton , 
1945). 

Because grain size considerably affects the physical properties of a rock 
it should always be indicated directly in the rock description rather than 
relying on the grain size implication in the rock name. 

It is usually suificient to estimate grain size by eye, which may be aided 
by a hand lens in the case of fine -grained and amorphous rocks. The 
limit of unaided vis ion is approximately 0.06 mm. 

:-.-I any other aspects of rock texture may be used to amplify the descr ip­
tion, such as: 

3.1.2.1 Relarh;e grain s~e: for example uniform, non-uniform, por­
phyritic 

3.2.2.2 Grain shape: may be described by reference to the general form 
of the particles, their angularity which indicates the degree of rounding 
at edge's and corners, and their surface characteristics (Table )). 

FORM eq ui di rrens ion a 1 

flat 

elongated 

flat and elongated 

irregular 

ANGULARITY angular 

slbangular 

s ubrounded 

rounded 

SURFACE CHARACTERISTICS rough 

smooth 

Table 3: Terms used in the description of grain shape 

3.2.1.3 Fabric: the spatial arrangement of grains in the rock may show 
a preferred orientation or lack of it. and may produce patterns by non­
uniform arrangements of grains, crystals and groundmass. 

3.2.2.4 Porosity: the size, shape, orientation of pore or void spaces 
should be described. 

3.2.3 State or Weathering: Description of the state of weathering of 
rock material is of particular importance in describing engineering 
rocks because weathering has profound effects on the physical and me­
chanical properties of rock material. In any description there needs to 
be a statement whether or not the rock material is considered to be ei­
ther in a fresh state or is weathered. Weathering effects may be describ­
ed in terms of discolorat ion, chemical decomposition or physical dis­
integration. 

The extent of particular weathering effects may be sub-divided using 
such qualifying terms, for example 'highly decomposed', 'extremely 
discoloured', 'slightly disintegrated', as will aid the description of th e 
material being examined . These descriptive qualifying terms may be 
quantified if necessary by estimation from drill core or in the natural 
exposure (Table 4). 

TERM DEGREE OF CHANGE (per cent) 

Fresh 0 

Slightly Over 0 - 10 

l1J de rate ly 10 - 35 

Highly 35 - 75 

Extremely Over 75 

Table 4: Terms for the description of the degree of weathering of 
rock material 

Depending on the character and distribution of the weathering changes. 
and the extent to which a rigid rock framework is retained, the weath­
ered rock material may assume the characteristics of an engineering soil 
at an early stage. 

· Extremely weathered rock material will almost certainly be an engineer­
ing soil, and may be classed as a residual soil if the original rock fabric 
has collapsed or changed so as to remove most traces of the original 
fabric. 

Examples of use are: fresh rock; slightly decomposed; moderately dis­
integrated; highly discoloured. Usually combinations occur: highly dis­
integrated and moderately decomposed, etc. 

3.2.4 State or Alteration: The terms used for weathering of rock mate­
rial may be used where appropriate as in many instances the effects of 
alteration may not be easily distinguishable from those brought about 
by weathering. Wherever possible common terms should be used, e. g. 
slightly kaolinised, highly mineralised; the terms may be quant ified 
using the scale in Tabl_e 4. 

3.2.5 Strength: The uniaxial compression test gives a reliable indication 
of the strength of rock material, although the test results are dependent 
on the moisture content of the specimen, any anisotropy in the mate­
rial, and the test procedure adopted. A scale of strength is gi ven in Ta­
bleS. 

As an alternative method of strength testing for use in the field. the 
point load test (Broch and Franklin, 1972; ISRM, 1977) is recommend­
ed. Provided that individual test results are normalised to a standard 
specimen thickness of SO mm, and the recommended test procedures 
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TERM COMPRESSIVE STRENGTH (MPa) 

Weak 1.5*- 15 

M::lderately strong 15 - so+ 

Strong 50 - 120 

Very strong 120 - 230 

Extrerrely strong Over 2:D 

*Rocks with a strength under 1.25 fila are, as a rule, 
hard soils and should be tested accordingly 

\oft rocks are weaker than 50 ~Pa; strong rocks are 
stronger than 50 ti'a 

Table 5: A scale of strength for dry rock material 

are followed, this test provides a good estimate of unconfined com­
pressive strength. The relation : 

UCS = 25 PLS 
where L'CS is the unconfined compressive strength and PLS is the point 
load strength, has been demonstrated repeatedly and can be accepted as 
a reasonably reliable approximation. 

The piston-press test, devised by Srejner, Petrova and Jalcusev (1958) 
and described by :>.latula (1969), is a quick method of determining the 
strength and deformation properties of rock materials. Test values 
show a very close correlation with the results of the standard uncon­
fined compressive strength performed on cubes of rock. 

D~TRITAL S~DIMENTARY 

Grains of rock, quartz, feldspar At least 

BEDDED 

SO\ nf grains 
and clay minerals are of carbonate 

Grains are of rock fragments 

"' c Rounded grains: ~ 
0 
> CONGLOI'l:RATE 

'0 
(') 41 
t"'l ... 
0 Angular grains: 

., 
Calci-c .... 

"' BRECCIA ... rudite c 
~ 

>> Gr~ins are mainly mineral fra~nts 41 
(');::l .... 

Calc-t"'lt"'l SANDSTONE Grains are mainly 
.... 

oz .... 
ti I mineral fragments '0 areni te 

c 
::l 
~ 

0 > Calci-.., 
"' SILTS TONE SO\ fine- w 41 
C1 0:: z siltite 

t'" .... MUDSTONE grained par'ticles 0 0 
c t'" .... f-
-; t'" SHALE: fissile "' CHALK-> > !l 'i! (') (') mudstone Clay!:Otone 50\ very fin<! ~ t"'l t"'l .... Cald-oo grained particles ::c .... 
titi lutite 

Table 1: Classifkation of rock types: sedimentary 
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Appendix B.l Porosity Determination with the "Huska" 
Universal Porositymeter following the method o f 
Kobe 

Apparatus 

The universal porositymeter consists of; a mercury pump ; 
with on top the pyknometer barrel, which can be opened to inser t 
a specimen; above the barrel a needle valve, which is used t o 
close the barrel when pressure builds up; and two manometers, one 
for high pressure and one for low pressure. 

Principle 

The porosity measurement with the method of Kobe enables us 
to determine the porosity of a small kernel in a faster way. The 
method of Kobe is based on Boyle's law, which says that under a 
constant temperature, the product of pressure and volume of an 
ideal gas is also constant. If two reference volumes are taken a t 
40cc and at 30cc, which are then compressed to 30 Psi. Fro m 
Boyle's law it follows that 

4 0 Pa = V f Pr Pr l 0 
::::::u:;mr:rru:ttr::>n::•::::r":::; = ::::::mr:u:;:: : :::. :::: :u (l ) 

3 0 Pa = Ve Pr Pr - Pa l 0 - Ve V f 

The volume of the material (Vg) is calculated from 

Pa.( Vf- Vg = Pr.( Vf'- Vg 

Pr 
V g = '"''"""''"""'"""""=""""""""""'"" ( 2) 

Pr - Pa 

were Pa = the atmospheric pressure 
Pr = Pressure at 30 Psi. 
Vr = reference volume of uncompressed air 
Vf = volume of 40cc air after compression 
Vf '= volume of 40cc air and kernel after compression 
Ve = volume of 30cc air after compression 

when equation (l) is substituted in equation ( 2) one finds 
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10 
Vg = ( Vr'- Vr ( 3) 

10 - Ve - Vf 

t he porosity is then calculated from q; = l - (4) 

Vb = bulk volume 

Appendix B.2 Permeability measurement 

Liquid permeameter 

the liquid permeameter 1s an apparatus which uses 
pressurized water to create a flow through the specimen. the 
specimen, water saturated and placed in a holder, is after a few 
seconds submitted to a constant flow. At this time the increase 
of he weight of the out flowing water with time is measured. 
Based on Darcy's law for laminar flow, the weight per unit time 
is then recalculated to volume, and the permeability follows from 
the formula : 

K = 

Gas permeameter 

The gas permeameter uses pressurized gas to determine the 
permeability of the specimen in three different ranges of 
sensitivity. The instrument includes; a thermometer; a flowrate 
meter; a manometer; and a pressure regulating valve. The kernel 
is placed in the holder surrounded by a rubber mantle to exclude 
gas leakage at the sides of the kernel. When gas under l atm. 
pressure is guided through the kernel, the permeability can be 
calculated according to Darcy from : 

were 

K = 

m = viscosity (Cp) 
m water = l Cp 

m . Q . L 

A . p 

m gas = 0.0176 Cp at 23° C 
K = permeability ( Darcy ) 
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Q - average value of flow rate (cl/sec) .-
p = pressure difference ln atmosphere 
L = length of kernel (cm) 
A = square area of kernel ( cm2 ) 

V = volume of out flow (cc) 
t = time (sec) 
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Appendix B.3 Unconfined Compressive Strength Determination 

figure 8.3 . 1 
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COMMANDS 
ADJUSTMENT 
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UNTIL p•t 

PROGRAM 
INDICATING 

DES I RED VALUE 
OF TEST 

VARIABLE 

Closed Loop Servo Controlled System 

For calibration of the 700 kN loading frame a steel cor e 
specimen, of elastic modulus 210 GPa, is tested. In figure 8.3 .1 
the measured value is approximately 200 GPa. In the calculation 
program of the computer a correction factor for the deformatio n 
of the 30 mm of the bottom plate, w~ich is also measvred by t he 
LVDT's, is accounted for. 

IJKCURVE STAAL 

-.100 

., 
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::E 

120 

96 . 

72. 

hor . strain •10·-3 

Laboratory Engineering Geology Delft University of Technology 

figure 8.3.2 Calibration Curve of Steel 
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Appendix B.4 X-Ray Fluorescence Analysis 

XRF (also called X-Ray spectrometry or X-Ray emission) can 
be used for rapid qualitative and quantitative analysis of over 
80 elements in a concentration range between 10 ppm and lOO % . 
The method is essentially non- destructive, although some form of 
sample preparation is required ( the sample must be submitted in 
powder form). Performance of the XRF requires expert knowledge 
and takes about l/2 hour. 

The principle is based on the emittance of primary X-rays 
(fluorescence) from target atoms, which are excited by a beam 
from an X-ray tube. The radiation emitted by the atom is then 
absorbed by a scintillation counter, which registers the 
intensities for the different elements. The height and amount of 
these signals, after amplifying, are then proportional to the 
quantity and quality of the sample. They can be recorded as the 
number of pulses per unit time. 

-·~ 

36 





: Appendix C.l Test for Normality 

The empirical distribution function analysis is a technique, 
which does not require very large numbers of data to render 
information about the normality of a set. Regarding random 
sampled values, Xl,X2,X3 1 ...... xn, the empirical distribution 
function can be determined as: 

Fn (X) = 
k if k measurements < x 
n 

This function is nothing more than the frequency quotient of 
an event " X < x " as a function of x, based on n measured 
values. Ofcourse the empirical distribution function represents 
the unknown population distribution. As an approximate of this 
distribution function the sample set average x* and the sample 
set standard deviation s* can be calculated and the adapted 
normal distribution function as well. 

F(x) = Pr{ u < with u standard normal 

F represents the unknown population under the condition that the 
random sampling set comes from a normal distributed population 
with m and o unknown. A large deviation between Fn and F will 
result in the rejection of the suspected normality. As a 
deviation the integrated quadratic difference between Fn and F 
will be considered, namely 

00 

W = n.- j {Fn(x)- F(x)} 
-ao 

This integral can be, because 
C.l.l), redefined as, 

w n 
t 

l n 
i l ) = i~l i - - i~l 2 -

n 

Fn is 

t ( n ) i + 
3 

dF(x) 

a stepped function (fig. 

l n 2i - l 
= "''"''("2'11' + ;s: 1 t i """"""2"l1""""'""') 1= 

in which t; = F (x(i)) fori= 1,2, ... ,nand x(l),x(2), ... ,x(n) 
arranges the values in increasing height. 

The critical value 1s given by * 
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0.104 
I """+"""'TT7'2'i1")" 

0.126 
I "'""+'"'"'('T/2'11")" 

0.178 
T"""+"""(1 7211")" 

if the unre1iabi1ity a= 0.10 

if the unreliability a = 0.05 

if the unre1iability a = 0.01 

* ) Biometrica Tables for statisticians, 
University Press (1972 ) , table 54. 

Vol. 2, Cambridge 
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