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period October 1978 to November 1979. This report was submitted by 
the authors on September 30, 1980. 
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1.0 INTRODUCTION 

Geologic materials may exhibit a wide range of behavioral responses 
following excavation and replacement in a new environ�ent. Surface mine 
spoils, comprised of overburden and interburden materials moved during 
the mining of coal, may experience changes in physical integrity. This 
is a result of various mechanisms induced by variations in moisture and 
stress regimes or other environmental aspects of the materials. The 
physical disintegration of such geologic materials caused by fundamental 
changes in stress conditions or strength characteristics is referred to 
as slaking. The most distinctive aspect of the slaking process is a 
relatively rapid decrease in grain size or fragment s ize of the material. 

A decrease in grain size caused by slaking may have a wide range of 
effects on the behavior of the bulk material, in this case the spoil 
pile. These effects wil 1 depend on the gross characteristics of the 
spoil pile (such as topography and degree of compaction), the durability 
of the materials, the proportion of slakable materials, and the dynamic 
changes in the surficial or internal moisture regimes. 

Possible adverse effects of spoil slaking include decreases in 
slope stability, increases in settlement and surface erosion, and alter­
ations of hydrologic regimes and vegetation. Because of these potential 
impacts upon reclaimed spoil piles, the Bureau of Mines contracted 
D'Appolonia Consulting Engineers, Inc. (D'Appolonia) to conduct a study 
on the environmental effects of the slaking phenomenon. The purpose of 
this investigation was to provide a "first look" at this phenomenon 
which may cause environmental problems associated with surface mine 
spoils. Because of its limited scope, it was not meant to be an exhaus­
tive study considering all categories of mining activities or all 
geologic provinces. The intent was to assemble and evaluate sufficient 
data to determine if more extensive studies of slaking phenomena are 
warranted relative to their environmental effects on surface mine 
spoils. The major observations or conclusions from this study include 
the following: 

• The rate and degree of disintegration of spoil
material are directly related to material charac­
teristics and local environmental conditions.

• The most active zone of slaking of spoil mater­
ials generally occurs within approximately one
meter of ground surface.

• The major observed effect of slaking of spoil
material is related to a decrease in particle
size and resulting change in the hydrologic
regime of the spoil pile.

10 



• The significance of slaking in surface mine
spoils appeared to be minimized by the mixing
of slakable and nonslakable materials that
usually occurs during typical spoiling operations,

• No gross environmental damages were observed
to be related to slaking of surface mine spoils.

This report is based on an intensive field and laboratory program 
to define the slaking process, supplemented by review of geologic, engi­
neering, environmental, and soil genesis literature. Chapter 2.0 of the 
report discusses the nature of various mechanisms believed to be respon­
sible for the slaking process. Chapters 3 .0 and 4 .0 contain a summary 
of the distribution and characteristics of geologic materials and mining 
techniques associated with surface mining in the Appalachian and Illi­
nois coal basins. Chapter 5.0 outlines the selection process used to 
delineate study sites, while Chapter 6,0 summarizes the various site 
conditions. Chapter 7 .0 presents a summary of the published slaking 
classification systems and testing procedures and forms the foundation 
for the current laboratory program as outlined in Chapter 8,0. Chapter 
9.0 details the results of this investigation. These results are pre­
sented in such a manner as to provide insight into the independence as 
well as compatibility of the field and laboratory programs. Chapter 
10.0 presents the conclusions and recommendations of the study. They 
are presented as a summary of the slaking phenomenon, known or expected 
environmental effects of slaking, a premining classification system for 
assessing slake potential, and suggestions for managerial techniques to 
optimize the slaking impact. 
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2.0 SLAKING MECHANISMS 

The problem of understanding the slaking process is underscored by 
the fact that there is no universally accepted definition of the term 
"slaking." The term has been vaguely defined as "the crumbling and dis­
integration of earth materials when exposed to air or moisture" (Ameri­
can Geological Institute, 1962) or as the "disintegration of rocks by 
water immersion" (Nettleton, 1974). Other more mechanistic definitions 
indicate that slaking is "the breaking up of dried clay when saturated 
with water, due either to compression of entrapped air by inwardly 
migrating capillary water or to the progressive swelling and sloughing 
off of the outer layers" (American Geological Institute, 1962), or that 
slaking is "the disintegration of mudstones upon alternate drying and 
wetting" (Morgenstern and Eigenbrod, 1974). A range of other generally 
similar definitions has been proposed in the technical literature. 

There are two fundamental problems with the preceding definitions 
of slaking. The first is that the element of time or rate has not been 
considered. The second problem occurs because slaking is primarily a 
physical breakdown of materials. It should, therefore, be defined with 
respect to changing stress or strength conditions existing within the 
material rather than loosely described external environmental parameters. 
The proposed definition, based on short-term dynamic stress and strength 
conditions, is environmentally more comprehensive and yet more rate re­
strictive than the previously cited definitions. It also focuses atten­
tion on fundamental mechanisms involved in these short-term stress or 
strength changes. The proposed definition follows: 

Slaking: The short-term physical disintegration of 
a geologic material following removal of confining 
stresses. Breakage may result either from the es­
tablishment or occurrence of sufficient stresses 
within the material or from the decrease in struc­
tural strength. The significance of disintegration 
rate is dependent on the speci fie engineering con­
sideration; for defin ition, "short term" may be 
taken to mean less than several years. 

A rational approach for evaluating the impact of the slaking pro­
cess on mine spoils requires consideration of the following factors: 

• Mechanisms: The fundamental mechanisms responsi­
ble for material disintegration and their rela­
tionship to changes in the physical, chemical, or
biological environment of the material.

• Materials: Intrinsic material properties which
increase the potential for disintegration follow­
ing a change in the material's environment.

12 



• Time: The rates of material disintegration as
related to material properties, speci fie mech­
anisms causing disintegration, and changes in the
material's environment.

The mechanisms related to the slaking process (short-term disinte­
gration) can be classified in terms of the type of stress and/or strength 
changes involved. These changes, caused by various physical, chemical, 
or biological conditions, are hereafter referred to as "slaking mecha­
nisms" and are as follow: 

• Confining stress relief
• Hydration force increase
• Double layer repulsion force increase
• Pore air compression
• Negative pore pressure increase
• Crystal growth force increase
• Bond or particle deterioration
• Surface energy reduction

Tables 2.1 and 2.2 summarize the relationship of each mechanism to 
various material and environmental parameters. 

The various types of stress or strength changes that may occur can 
be related to physical or chemical mechanisms, to a combination of these, 
or to direct or indirect biological influences on these mechanisms. The 
technical literature on rock weathering processes has traditionally con­
sidered physical, chemical, and biological weathering processes indepen­
dently (Ollier, 1969; Birkeland, 1974; Keller, 1957) , but this categori­
zation has caused some confusion leading some authors to favor the term 
"physico-chemical" (e.g., Gamble, 1971) . The hydration mechanism may 
serve as an example; it may be considered a chemical mechanism related 
to combination with water, a physical mechanism due to the importance of 
the forces involved in water migration and development of layers of 
ordered water, and, in some cases, it may even be influenced by biologi­
cal factors related to water migration such as plant transpiration. 

2.1 CONFINING STRESS RELIEF 

The physical basis for slaking due to stress relief is the develop­
ment of elastic strains, unlike the other slaking mechanisms which can 
be related to the activity of water or the ions contained in solution, 
and is dependent on the following three major factors: 

• Overconsolidation: Higher stresses, often relat­
ed to burial under great depths of overburden or
to tectonic forces, caused compression of the
material and subsequent storage of recoverable
strain energy (Franklin and Chandra, 1972;
Krinitzsky and Kolb, 1969) .

13 
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SLAKING MECHANISM 

Confining Stress Relief 

Hydration Force Increase 

Double Layer Repulsion 
Force Increase 

Pore Air Compression 

Negative Pore Pressure 
Increase 

Crystal Growth Force In-
crease (Mineral Alteration 
and/or Ice Formation) 

Bond or Particle 
Deterioration 

TABLE 2 .1 
SUMMARY OF SLAKING MECHANISMS: MATERIAL RELATIONSHIPS 

GENERAL MATERIAL CHARACTERISTICS RELATED TO MECHANISM 

BRIEF DESCRIPTION OF MECHANISM 

STRUCTURE AND GRAIN SIZE MINERALOGY OTHER 

Release of recoverable strain ener- Argillaceous materials with gy upon unloading may lead to dis- dispersed structure(l) Clay mineralogy may be rela- High overconsolidation ratio 
ruption of weak intergranular bonds most susceptible; nonargil- tively unimportant; montmo- favors mechanism; weak ce-
or relaxation and opening of planes laceous materials generally rillonite possibly more mentation or high fissility 
of weakness, allowing other mecha- not susceptible. 

susceptible. (2) favor mechanism. 
nisms to become more active. 

Development of ordered water layers Argillaceous materials with around clay platelets and/or hydra-
tion of interlayer clay mineral po- flocculated structure most Important in montmorillon- Initially low water content 
sitions upon wetting or wetting and susceptible; nonargilla- ite; intermediate importance �nd/or void ratio favor 
drying exerts expansive forces ceous materials not suscep- in illite; relatively 

imechanism. 
!which may disrupt structural tible except if clayey unimportant in kaolinite. 

integrity of material. separations occur. 

�epulsive forces between clay plate- Argillaceous materials with Montmorillonite most sus- Percentage of exchangeable 

jlets related to ionic charge distri- dispersed structure most ceptible; illite is inter- sodium (ESP) on clays and 

butions close to surface and in pore susceptible; nonargilla- mediate; kaolinite rela- pore fluid chemistry are of 

fluid may disrupt structure. ceous materials not tively unsusceptible. outstanding importance; ESP 
susceptible. >15 to 30 very susceptible. 

Argillaceous materials with �olinitic and nonswelling High degree of desiccation 
Pore air compression during rapid flocculated structure most clay minerals most suscep- necessary, high proportion 
rewetting following significant susceptible; nonargilla- tible; montmorillonite rela- of micropores and strong 
desiccation may disrupt structure. ceous materials relatively tively unsusceptible; illite surface adsorption favor 

unsusceptible. is intermediate. mechanism. 

Eevelopment of negative pore pres- Only argillaceous materials 

sures (suction stresses) upon des- are susceptible; flocculat- Montmorillonite may be most Fissile mater�als may be 

�ccation may cause tensile failure 
ed structures may be more susceptible. (2) more susceptible than 
susceptible than dispersed massive materials.(2) 

of structure. structures.(2) 

Not directly related al- Pyrite-bearing sediments and �igh content of very fine 

�ncreased volume resulting from though silty and very fine-
some calcium carbonate-bear- �icropores in argillaceous 

grained sandstone sediments ing sediments may be most �terials decreases ice 
�rystal growth exerts expansive may be more susceptible due susceptible to mineral al- formation; fissile materials orces and may disrupt structure. teration; feldspars also 

I to porosity and permeabil- susceptible to gradual !may crack along planes of 
ity characteristics. !weakness: 

I alteration. 

I Chlorite, calcium carbonate, 

Generally not directly re-
pyrite, and dolomite are 

�ement or particle deterioration, most susceptible to deterio-
hiefly by dissolution, may weaken 

lated, although porosity ration; gypsum and siderite �ow permeability may 

�
tructural strength until existing 

and permeability character- have variable susceptibility; �ecrease deterioration. 
tresses cause failure. 

istics of sandstones may other minerals and cements 
favor cement dissolution. generally stable or are 

I 11ltered slowly. 

See footnotes at end of table. 
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TABLE 2.1 
(Continued) 

GENERAL MATERIAL CHARACTERISTICS REUTED TO MECHANISM 
SLAKING MECHANISM BRIEF DESCRIPTION OF MECHANISM 

STRUCTURE AND GRAIN SIZE MINERALOGY 

Strength reduction results from 
Not directly related, al- No direct relationship we:ting of dry or partly dry sur- evident, although larger faces; may soften material suffi- though argillaceous mate- surface area of 110ntmoril-Surface Energy Reduction ciently to increase probability of rials possibly more lonite may make it more disintegration caused by other susceptible. susceptible. (2) 

ty�es of stress. 

(l) The tena "structure" represents internal structural fabric of the material, not large-scale geologic structures. 

(Z) Relationship not substantiated in technical literature on slaking. 

OTIIER 

Low initial water content 
favors surface energy 
reduction. 

REFERENCES 

Franklin, 1970;.Parate, 
1973; Van Eeckhout, 
1976 
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TABLE 2.2 

SUMMARY OF SLAKING MECHANISMS: 
ENVIRONMENTAL- AND RATE RELATIONSHIPS (l) 

GENERAL ENVIRONMENTAL IIIIA!V.CTERISTICS RELATED TO MECHANISM 

SLAICI�G MECHANISM 

WETTING AND/OR DRYING CYCLE POltE FLUID CHEKISTRY OTHER 

Generally unimportant, though may 
NA (3) Confining Stress Relief Generally unimportant. be related to structure (dispersed 

versus flocculated) . 

Decreased electrolyte concentra-Wetting of initially dry material 
tion may favor mechanism; low Hydration Force Increase or alternating drying and revetting valence ions (sodium) may favor NA 

favor mechanism. 
mechanism.. 

Double Layer Repulsion Force Alternating wetting and drying rel- Very low electrolyte concentration 
atively unimportant unless pore and/or high proportion of dis- NA 

Increase fluid chemistry changes. solved sodium favor mechanism. 

High degree of desiccation fol- Surface exposure and slope aspect lowed by rapid revetting necessary; Relatively unimportant for most influence desiccation; south� and Pore Air Compression relatively stable moisture regime natural waters. west-facing slopes more susceptible likely at depth decreases sus- in United States. ceptibility. 

Relatively rapid or long-term Surface exposure and slope aspect 

Negative Pore Pressure Increase desiccation necessary; stable Probably not important for most influence desiccation; south- and 
moisture regime decreases sus- nat·ural waters. west-facing slopes more sus-
ceptibility. ceptible in United States. 

Oxygenated water or acidic water Frequency of freezing-thawing 

!Mineral alteration favored by ion cycles increased on south- and
Crystal Growth Force Increase necessary for alteration of pyrite west-facing slopes in United 
(Mineral Alteration and/or transport in pore fluids; precipi- or calcite, respectively; de- States; pyrite altera�ion favored Ice Formation) tation favored by desiccation. creased solute content increases by presence of autotrophic frost formation. bacteria. 

Deterioration may be insignificant 
Bond or Particle Deterioration Continuous leaching favors Oxygenated, acidic waters favor in unsaturated zone with little 

deterioration. most types of deterioration. water movement. 

Wetting of initially dry materials Probably not important for most Surface Energy Reduction reduces surface energy; drying NA 
increases surface energy. natural waters. 

(!) References related to each mechanism are cited in Table 2.J. 
(Z) Relative rates assuming material and environmental conditions are generally favorable. 

<3)NA - Data indicating other impJrtant relationships not available in technical literature on slaking. 

RELATIV! UTE OF SLAICIHG(Z) 

R.1pid; slaking generally 
incomplete due to stress relief 
alone. 

Moderate to rapid for material• 
with low void ratio and water 
cilntent; repeated drying and 
wetting may result in moderate 
rates. 

Very rapid for low water content 
mont1110rillonite with dispersive 
structure (high ESP); rate 
d,,pendent on ESP, mineralogy and 
pore fluid chemistry. 

Rapid to very rapid for extremely 
desiccated materials following 
revetting. 

Probably moderate, continuing 
through drying cycles. 

Mineral alteration typically 
slow; ice formation cracking 
typically rapid but does not cause 
complete disintegration. 

Typically slow to very slow, 
eAcept if strongly acidic waters 
leaching calcium carbonate cemented 
s.1ndstones. 

Moderate to rapid strength 
reduction upon wetting of 
initially dry materials may not 
be sufficient to cause slaking 
in most cases. 



• Clay content and structural fabric of the mate­
rial: Argillaceous materials can store consider­
ably more recoverable strain energy than other
types of sedimentary rock due to their more com­
pressible nature. The storage of this energy is
not only a fun ct ion of the mineralogy but also
the direction of stress.

• Nature of interparticle bonds or planes of weak­
ness: For disintegration to occur, the recover­
able strain energy must be sufficient to break
interparticle bonds or break the material along
preexisting planes of weakness. Compaction
shales with minimal bond strength are the most
likely to fail. Well-cemented materials may
not fail unless additional forces (slaking mecha­
nisms) become active or there is a deterioration
of the cement (Shamburger, et al., 1975).

Therefore, slaking due to the release of confining stresses is 
likely to be important only in uncemented or very weakly cemented com­
paction shales. Disintegration is likely to be rapid, being initiated 
within minutes after stress relief. Stress relief, however, may not act 
as a totally independent slaking mechanism. Other slaking mechanisms 
can be more significant and stress relief may only be a contributing 
force leading to slaking (Kennard, et al., 1967; Franklin and Chandra, 
1972). 

2.2 HYDRATION FORCE iNCREASE 

An increase in forces due to hydration in geologic materials re­
sults from either wetting or alternating wetting and drying cycles. 
This slaking mechanism may occur in conjunction with other slaking mech­
anisms related to wetting and drying. 

The relationship between hydration and material disintegration may 
be related to the development of internal expansive forces (Ollier, 
1969) , reduction of van der Waals attractive forces (Shamburger, et al., 
1975) , or excess free energy evolved when hydrogen bonds are formed be­
tween originally adsorbed water molecules and newly adsorbed ones around 
clay particles (Nakano, 1967). An additional hypothesis regarding the 
relationship between hydration and slaking has been proposed by Murayama 
and Yagi (1966) ; they indicated that structural failure of rock materi­
als may be caused by localized unequal expansion of minerals or by non­
uniform distribution of adsorbed water. Other investigators including 
Chenevert (197Oa and b) , Gamble (1971) , and Balasubramonian (1972) , have 
indicated the importance of hydration forces in slaking processes or 
geologic material alteration. 

The relationship between hydration forces and intrinsic material 
properties is summarized as follows: 
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• Hydration is least significant in kaolinite where
the crystal lattice is closely bonded and allows
little further reaction to take place. It is
relatively insignificant in illitic minerals,
although hydration does occur to some extent.
Hydration is most significant in the third common
clay mineral, montmorillonite, where the crystal
lattice is relatively open allowing the entry
of water and great ex pansion of the lattice
(Chorley, 1969). The conclusions of Reidenouer,
Geiger, and Howe (1974, 1976) suggest that large
percentages of illite may have approximately the
same effect as relatively small percentages of
montmorillonite.

• Hydration is more significant for materials with
an initially low water content and/or low void
ratio (Moriwaki, 1974).

• Hydration is more significant for materials with
a flocculated structure than for materials with a
dispersed structure (Moriwaki, 1974) , but overall
expansion of the latter may be more significant
dui to the operation of additional slaking mecha­
nisms (Taylor and Spears, 1970; Taylor, 1974).
The tendency for hydration expansion may be
greater if the pore fluid has a very low electro­
lyte concentration (Mitchell, 1976) or a greater
relative concentration of low valence ions, such
as sodium (Olson and Mesri, 1970).

• Hydration of argillaceous layers along bedding
planes in some sandstones may lead to . rapid
disintegration of these materials (Heald, et al.,
1974 ) ; otherwise, hydration i s  not likely to
cause slaking of nonargillaceous materials.

• The rate of hydration force increase cannot be
identified for a general case; it is primarily
dependent on the permeability and porosity of the
material, and on environmental moisture condi­
tions, since these control the entry, retention,
and mobility of pore fluids in the material
(Franklin and Chandra, 1972).

Increases 
shortly after 
throughout the 
water exceed a 
forces are not 
lowini stress 

i n  hydration forces are likely to be initiated very 
wetting and the mechanism is likely to be o perative 
disintegration process or until the layers of ordered 
thickness of 20 angstroms (Moriwaki, 1974). Hydration 
likely to be solely responsible for rapid slaking fol-

relief and a change in environmental conditions. An 
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exception may be in argillaceous materials with low water contents, low 
void ratios, a significant content of montmorilloni te, or sufficient 
fissility and planes of weakness to permi t entry of water , Other 
slakini mechanisms closely related to wetting and drying may be favored 
by similar material characteristics and, therefore, may act in conjunc­
tion with incr eases in hyd r ation forces o r  i n  alternating cycles , 

2. 3 DOUBLE LAYER REPULSION FORCE INCREASE

Double layer repulsion forces in a clay-water system result from 
the relationship between exchangeable ions close to a clay particle, 
considered to be the first layer, and the outer solution of free elec­
trolyte ions which comprise the second layer. This mechanism h.as also 
been referred to as the dispersion or ion exchange mechanism. According 
to the Gouy-Chapman theory (Mitchell, 1976) , these layers are diffuse 
and the r epulsive forces between clay particles are related to the 
following properties of the double layer : 

• Ionic concentrations in the double layer (lower
concentrations cause increased repulsive forces).

• Valence of the ions ( lower valence causes in­
creased repulsive forces).

Other factors, such 
liquid and system 
little significant 

as dielectric constant of the 
temperatu re, pr obably have 
effect in natural systems. 

The importance of the double layer repulsion force mechanism, or 
dispersion, may be significant depending on the mineralogy and the 
double layer  proper ties ci ted above , Franklin and Chandra  (1972 ) 
considered this mechanism as a possible dominant cause of slaking. The 
importance of this mechanism has also been emphasized in rock disinte­
gration and slaking studies by Badger, Cummings, and Whitmore (1956) ;  
Berkovitch, Manackerman, and Potter (1959 ) ;  Taylor and Spears (1970 ) ;  
and Taylor (1974, 1975). 

The relationship between double layer repulsion forces and minera­
logical properties is analogous to that for hydration forces. The clay 
mineral most susceptible to increased repulsion forces is montmoril­
lonite. lllite and kaolinite are significantly less susceptible (Sham­
burger, et al., 1975).  

Increases in  double layer repulsion forces are likely to be a sig­
nificant slaking mechanism in argillaceous materials with high percen­
tages of exchangeable sodium when they are leached with waters with mod­
erately low electrolyte concentrations (typical in most natural waters). 
Weakly cemented montmori lloni tic materials are the most susceptible. 

This slaking mechanism may operate very rapidly; a dried mudstone 
from England with 70 percent montmori lloni te literally exploded upon 
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wetting (Taylor, 1974 ). If intergramilar cements are very strong and 
material permeabilities are very low, repulsion forces may be most sig­
nificant along planes of weakness and cause only partial disintegration. 
Materials with calcium and/or magnesium as the predominant exchangeable 
cations are unlikely to be susceptible to slaking by this mechanism. 

2.4 PORE AIR COMPRESSION 

The slaking of geologic materials by pore air compression has been 
described by Taylor and Spears (1970 ) as follows: 

• During a drying cycle, the bulk of the voids in a
material may become filled with air, particularly
if desiccation is extreme.

• Upon rapid wetting, the pore air may become pres­
surized by the capillary pressures developed in
the outer pores. 

e These internal stresses may cause failure (slak­
ing )  of the material along the weakest planes. 
The increased surface area is then exposed to a 
further sequence of events. 

Although Franklin (1970 ) ,  Taylor and Spears (1970 ) ,  and Taylor 
(1974 ) referred to this mechanism as "air breakage," this term should be 
avoided so as not to confuse this mechanism with the "air slaking" or 
confining stress relief mechanisms referred to by Moriwaki (1974 ).  

The importance of the pore air compression mechanism was recognized 
in early research on shale disintegration by Badger, Cummings, and Whit­
more (1956). In a follow-up study, Berkovitch, Manackerman, and Potter 
(1959 ) indicated that pore air compression is likely to be a significant 
slaking mechanism only in "mechanically weak" materials. 

Moriwaki (1974 ) conducted one of the most exhaustive studies of the 
relationship between the pore air compression mechanism and material 
properties. His materials consisted of prepared mixtures of clay and 
nonclay minerals with controlled exchangeable cation distributions. The 
following conclusions, which may have significance in natural systems, 
were reached: 

• Pore air compression can be a significant slaking
mechanism for materi als composed primarily of
"nonswel ling" clay minerals, principally kaolin­
ite, and, to a lesser degree, illite. Montmoril­
lonitic materials are least susceptible to pore
air compression slaking. Montmorillonite and, to
a lesser degree, illite may resist disintegration
by pore air compression because they can accommo­
date a significantly greater portion of the gen­
erated stresses by bending, swelling, and particle
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r earrangement 
n i f i c an t  f o r  

pr oce s s e s  which  a r e  n o t  v e ry s ig­
compa  ra t i v e  l y  i n e r t  k a o l i ni t e . 

• P o r e  a i r  c ompr e s s i o n  i s  m o s t s i g n i f i c a n t  f o r
f l oc c u l ated  s truc t ur es and i t  may n o t  b e  s igni fi­
c ant a t  a l l for d i s pe r s ed s truc t ur es , even i f  the
pr imary c l ay mineral  i s  kao l i ni t e .  This  may b e
re l a t ed t o  t h e  fast er r a t e  o f  pore  f luid  ab so rp­
t ion i n  f loccu l a ted ma t er i al s  and t h e  consequent
i nc r e as e  in air pres suri z a t i o n . A l s o , r earrange­
men t  o f  c lay par t i c l e s  i s  s igni f i c an t ly e a s i er i n
d i s pe r s ed s truc t ur e s , pr event i ng an exce s s ive
b u i l d-up i n  po r e  pr e s s ur e s .

• Pore  ai r c ompr e s si on i s  fav ored b y  sma l l po r e
r ad i i . Th i s  i s  why many s and s tone s ,  wi t h  s igni f­
i c an t l y  greater  percent age s o f  macr opo res  than
argi l lac eous  rocks , are  un l i ke ly t o  s l ake by t h i s
mech ani sm . The much sma l ler  por e  r ad i i  i n  argi l ­
l ac e ou s  ma teri a l s  a l so me an t h a t  t h e  t o t a l  s ur­
face  area o f  the por e  wal l s wi l l  b e  much g r e at e r ,
as suming roughl y  equal  t o t al poro s i ty ,  and the
s ur f ac e  ab sorption of  por e  f luid s c au si ng en­
t r ap ped ai r c ompre s s ion  wi l l  b e  muc h  s t ronger .

• The absorp t i on o f  pore f l ui d s shoul d  b e  r e l a t iv e­
l y  r apid t o  e ffec t  s i gn i fi c an t  pore  ai r c ompre s­
s ion . This  fac t or tend s  to  b e  c oun t erac t ed by t h e
i m po r t an c e  o f  sma l l  po r e  r ad i i  c i t ed ab ov e .
Ther e fo r e , t o  ach i ev e  rapid ab sorpt ion  i n  a rg i l­
l aceou s  ma t e r ia l s ,  i t  i s  nece s sary t o  h av e  a l ow
d egr e e  o f  s at ur a t i o n . Mat er i a l s  mu s t  b e  s igni fi­
c ant l y  des i c c a ted fo r por e  ai r c ompre s sion  to  b e
impo r t an t . Thi s  me chani sm , there fore , may b e
somewhat  mor e  s i gni fic an t  for ma teri a l s  o n  s ou th­
and we s t - f ac i ng s l op e s  than for t ho s e  on north­
and ea s t- facing s l o pe s , due  t o  the  gr eat er ab­
sorpt i on o f  s o l a r  energy and r e su l t ant  evapo r a­
t iv e  dryi ng e f fec t s .

S l aking c au s ed by the  por e  ai r c ompr es s i o n  mech an i sm i s  r ap i d  b e­
c au se t h e  po re a i r  pre ss ur e s  may d i s s i pa t e  i f  the  ma t e r i a l  does  not  fai l 
rapid ly . The proc e s s  i s  unl i ke l y  t o  b e  a c t i v e  b el ow t h e  ground s ur f ac e
bec au s e  ext reme d e s i c c at ion and rapid f l uc t ua t i ons i n  moi s t u r e  c ond i ­
t i ons are  unl i k e l y  t o  o ccur . I t  h as b e en r epor t ed t h a t  approximat e l y  80  
t o  9 0  percent of  t h e  t o t al d i s integrat i on o f  a s h al e s u s c e p ti b le t o  por e  
air c ompr e s s i on o ccurs wi thin  f i v e  mi nu t e s  o f  r ewe t t i ng ( Badger , e t  al . ,  
1956 ) . 
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2.5 NEGATIVE PORE PRESSURE INCREASE 

The disintegration of geologic materials due to an increase in neg­
ative pore pressure is unlike the three previously discussed slaking 
mechanisms (Sections 2.2 to 2.4 ) in that it occurs during a drying cycle 
rather than a wetting cycle. Negative pore pressures exist where the 
free energy of pore water is less than that of water under atmospheric 
pressure (Mitchell, 1976) ; that is, when the pore pressure in a material 
is less than atmospheric pressure, it is considered to be negative. The 
adsorbed or ordered water close to clay mineral surfaces has less free 
energy than free water and, thus, exerts negative pore pressures, some­
times referred to as "adsorptive" pore pressures (Chenevert, 1970a ). 
Water exerting negative pore pressures exists in a state of tension and 
exerts stresses on the material's structure. Highly argillaceous, com­
pacted materials with a large proportion of very fine micropores may 
contain a signi fie ant percentage of their pore water in an adsorbed, 
ordered state and, therefore, may exhibit signi fie ant negative pore 
pressures. The loss of free water during desiccation of such materials 
causes an increase in the negative pore pressures (internal suction 
stresses ) and may lead to a tensile failure, or slaking of the materials 
(Kennard, et al., 1967). The wetting and drying cycles occurring at the 
ground surface can be considered to be "pressure cycles" due to the neg­
ative pore pressures generated by desiccation (Grice, 1968). 

Kennard, et al. (1967) concluded that negative pore pressures are 
unlikely to cause disintegration into particles smaller than fine gravel 
or coarse sand. However, these fragments are then more susceptible to 
attack by other mechanisms due to increased surface area. 

The relationships between certain material properties and negative 
pore pressure development have not been investigated, but it is believed 
that the following are probable : 

• Negative pore pressures are very unlikely to be
significant in nonargillaceous materials.

• Montmorillonitic materials, because of their sig­
nificantly greater surface area and proportional­
ly greater percentages of adsorbed water, are
likely to develop greater negative pore pressures
than illitic or kaolinitic materials upon desic­
cation. The tensile stress caused by negative
pore pressures may also be increased in these
materials by internal structural stress resulting
from shrinkage upon water loss.

• The increase in negative pore pressures may be
more significant for flocculated structures than
for dispersed s true tures because they are typi­
cally mo re permeable (permitting more rapid
desiccation) .
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• Fissile materials are more. likely to disintegrate
as a result of negative pore pressure development
than massive materials, due to more rapid desic­
cation.

As described above, slaking in certain materials due to negative 
pore pressure development is likely to continue throughout the drying 
cycle. In the eastern and central United States, the negative pore 
pressure mechanism is expected to be insignificant below the surface of 
the spoil pile due to relatively stable moisture conditions. 

2.6 CRYSTAL GROWTH FORCE INCREASE 

Stresses may be developed within geologic materials as a result of 
volume changes due to crystal growth. Ollier (1969) reviewed three gen­
eral types of crystal growth that may lead to physical disintegration of 
materials including: 

•

• 

Crystal growth from solution, also referred to as
salt weathering.

Chemical alteration 
new minerals with 
existing minerals 
matrix as discrete 

of preexisting minerals to 
increased volume. The pre­
may occur within the cement 
particles or in seams. 

• Formation of ice in voids or in open cracks.

Long-term migration of pore fluids to the surface followed by evap­
oration may lead to significant crystallization stresses (salt weather­
ing ) ,  but this process is only significant in arid or arctic areas 
(Chorley, 1969 ; Ollier, 1969 ). Aside from the lack of adequate environ­
mental conditions in the eastern and central United States, there are 
not likely to be eufficient concentrations of salts in the pore fluids 
of spoil materials for crystal growth from solution to be a significant 
cause of slaking. 

The chemical alteration of preexisting minerals leading to a net 
crystal growth may be more significant in certain cases. The growth of 
crystals generally results from hydration and oxidation of minerals 
which were stable in their previous in situ condition. The most impor­
tant types of mineral alteration, excluding clay mineral hydration (dis­
cussed in Section 2.2), generally involve the oxidation and hydration of 
pyrite or the conversion of calcite to gypsum. A number of researchers 
have emphasized the importance of these processes in causing expansion 
and potential failure of geologic materials (e.g., Gamble, 1971 ;  Penner, 
et al., 1970 ; Quigley, et al., 1973 ; and Shamburger, et al., 1975). 
Residual weathering of certain constituent minerals (for example, feld­
spars) is comparatively slow and, thus, cannot be considered important 
in slaking. 
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Several important chemical alterations and their associated volume 
increases include the following: 

• Pyrite ( FeS2) to melanteri te ( 2FeS04 · 7H20) ; 536
percent increase in volume ( Shamburger, et al.,
1975).

• Pyrite to jarosite ( KFe3 [ S04 ] 2 [ 0H ] 6 );  1 15 percent
increase in volume ( P enner, et al., 1970 ) .

• Calcite ( CaC03 ) to gypsum ( CaS04 · 2H20)  ; 60 per­
cent increase in volume ( Shamburger, et al., 1975).

It is obvious from a consideration of the mineral alterations cited 
above that very specific material properties are responsible. Pyrite 
must be present in the material for either of the first two types of al­
terations to occur and calcite must be present for the third type to oc­
cur. The conversion of calcite to gypsum requires a source of sulfate; 
this is typically derived from the oxidation of a sulfide mineral, most 
often pyrite. Materials not containing pyrite or other sulfide minerals 
are, therefore, unlikely to slake by these types of crystallization 
stresses. Taylor and Spears ( 1970 ) hypothesized that because the un­
stable minerals normally constitute only a small fraction of the total 
mineralogy, the average rate of chemical change is slow. Therefore, the 
rate of slaking from this process is considerably slower than for some 
of the other mechanisms discussed. 

The third general type of crystal growth, ice formation, has not 
been universally accepted as belonging to the set of slaking mechanisms 
and processes. The confusion may be a direct result of the problem with 
the definiton of slaking. Those who consider slaking to be a process 
resulting from water immersion might not accept ice formation as a pos­
sible slaking mechanism, a concept continued by Morgenstern and Eigenbrod 
0974) .  Those who adhere to a definition proposing disintegration due 
to stress development or strength deterioration following environmental 
change would accept ice formation as a potential slaking mechanism 
( e.g., Franklin, 1970 ). 

The increase in volume of water upon freezing is approximately nine 
percent , but the nature of the stresses generated is not only a result 
of the net volume increase but also the rate of  volume increase. While 
certain other mineral alterations are often slow processes, water may be 
super-cooled to as low as -5 degrees Celsius before freezing occurs very 
rapidly. The outer surface may suddenly freeze, thus closing the sys­
tem, even in cracks and pores; the resulting pressures may be as high as 
3 0 , 000 pound a per square inch ( 4,350 kN/ square meter) at -22 degrees 
Celsius ( Ollier, 1969) .  

Dunn and Hudec ( 1965, 1972) found that the adsorbed, ordered water 
associated with clay mineral surfaces, micropores, and capillarity is 
essentially nonfreezable, and, therefore, cannot exert stresses directly 
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related to crystal growth. Thus, ice formation is probably more opera­
tive in the larger pores that occur in silty or fine sandy materials 
than it is in the very small micropores of shales. It may be a signifi­
cant slaking mechanism along preexisting planes of weakness which had 
been slightly opened by stress relief or other mechanisms. Ice forma­
tion is probably responsible only for disintegration of materials into 
relatively coarse fragments which are then susceptible to attack by 
other slaking mechanisms. 

2 , 7  BOND OR PARTICLE DETERIORATION 

The slaking of geologic materials by bond or particle deterioration 
is unlike other mechanisms previously discussed in that changes in 
stress conditions are not required for disintegration to occur. The 
physical and chemical changes in sedimentary materials following deposi­
tion, which lead to consolidation and increased strength, are generally 
referred to as diagenesis, and the resulting bonds are sometimes re­
ferred to as diagenetic bonds (Bjerrum, 1967) . The deterioration of 
these bonds or of the particles comprising the material may weaken the 
internal structure until the existing stresses are sufficient to cause 
disintegration. 

The diagenetic processes involved in consolidation typically in­
clude compaction, recrystallization, and cementation. Compaction pro­
cesses are most characteristic of argil laceous materials, and the re­
sulting materials are generally considered to be uncemented or unbonded 
(Underwood, 1967) . These materials may experience deterioration of com­
ponent particles, but they are most likely to disintegrate by other 
mechanisms, such as hydration or double layer repulsion. Recrystalliza­
tion processes in argillaceous materials generally involve what is re­
ferred to by Underwood (1967) as "clay bonding." In other sedimentary 
rocks, recrystallization generally involves dissolution of original min­
erals and precipitation of other minerals as cements or discrete parti­
cles. The deterioration of "clay bonding" is unlikely to result from 
clay mineral dissolution; therefore, slaking will more typically be 
caused by other mechanisms. 

The most important influences on cement deterioration are the type 
of cement, the degree of cementation, and the stability of the cement in 
the new environment of the material following stress relief. The major 
mineral phases which act as cements in sedimentary materials include 
quartz, silica (amorphous) , calcium carbonate, iron oxides and hydrox­
ides, siderite, dolomite, gypsum, pyrite, and organic compounds (Blatt, 
et al., 1972 ; Shamburger, et al., 1975) . Various clay minerals, includ­
ing illite and sericite, may also act as cements. The degree of cemen­
tation is related primarily to the permeability ancl porosity of the 
original sediments, to the duration of the cementation process, and the 
existence of overburden pressures favoring increased diagenesis. The 
permeability and porosity characteristics of sandstones facilitate the 
transport of ions in solution and the precipitation of cements to a sig­
nificantly greater degree than in associated argi l laceous materials. 
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A change in the stability of a particular cement following stress 
relief can usually be attributed to a change in the oxidation potential 
(related to the presence of oxygen) and/or the acidity or alkalinity of 
the material's environment. Following stress relief, a material is 
typically in an oxidizing environment . Reducing environments may occur 
deep in a spoil pile if the materials become saturated with groundwater 
lacking oxygen . In eastern and central United States, most materials 
will be subjected to a slightly acidic environment following stress re­
lief. Neutral and alkaline materials near the surface gradually become 
more acidic due to leaching by rainfall and the action of organic acids 
from vegetation. Strongly acidic conditions may be generated locally 
due to the oxidation of certain sulfide minerals, if present. 

Silica, iron oxide and hydroxide, illite, sericite, and to a lesser 
extent carbonaceous cements are stable in typical spoil pile environ­
ments. Clastic particles comprising the materials are also typically 
stable or are chemically altered to new minerals so slowly compared with 
other slaking mechanisms that this type of deterioration is not consid­
ered to be a cause of slaking. Chlorite, although very susceptible to 
acid attack, is rarely a predominant clay mineral in argillaceous mate­
rials. Bond or particle deterioration, therefore, is not often the 
cause of slaking. The slaking of calcareous sandstones by bond dissolu­
tion is likely to be a gradual process compared with the disintegration 
of certain argillaceous materials caused by other mechanisms. 

2.8 SURFACE ENERGY REDUCTION 

The reduction of surface energy upon wetting is a fundamental phys­
ical process which directly decreases the strength of a material. The 
absorption of gases or vapor on the internal surfaces of geologic mate­
rials diminishes the surface energy (Parate, 1973), and decreases the 
tensile stresses necessary to cause cracking (Van Eeckhout, 1976). 

Franklin (1970) stated that the strength reduction on wetting alone 
is rarely sufficient to cause complete disruption of nonargillaceous 
materials. He also indicated that the reduction in strength from a com­
pletely dry to a completely saturated condition is commonly as great as 
50  percent and that the extent of weakening is a function of the initial 
and final moisture contents of the material. Precise relationships be­
tween strength loss in natural materials and change in moisture content 
may be very complex due to the potential importance of ions in the pore 
fluids (Franklin, 1970) . A second strength reduction process upon wet­
ting, although it  may not be directly related to surface energy reduc­
tion, is the relief of capillary tension at grain contacts and at tips 
of cracks as saturation increases (Franklin, 1970 ; Van Eeckhout and 
Peng, 1975). 

The strength reduction upon wetting is likely to be at least par­
tially responsible for the softening of certain argillaceous materials. 
Since many argillaceous materials are saturated or at least partially 
saturated in their in situ condition, these types of strength reduction 
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are probabl y  not solely responsible for. slaking in most cases . Strength 
reduction of argi l laceous materials upon saturation wi 11 i ncrease the 
l i ke l i hood of disintegration .
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3 . 0  GEOLOGY OF COAL�BEARING UNITS 
OF APPALACHIAN AND ILLINOIS BASINS 

By definition, slaking is a process during which geologic materials 
disintegrate. It follows, therefore, that the various properties of 
these materials play an integral part in the slaking phenomenon , These 
properties can be broadly categorized as either stratigraphic or struc ­
tural. Stratigraphy includes the composition, genesis , sequence, and 
c orrelation of various rock strata , whereas structure is related to 
megascopic and microscopic features usually associated with diagenetic 
processes. 

Two component parts of stratigraphy which can be directly correlat­
ed to the durability of a given material are lithology and mineralogy. 
Correlation of these parameters may allow the development of a regional 
zonation of slaking potential. Li tho logy is the physical character or 
type of rock , such as shale, siltstone, and sandstone. This , along with 
the thickness and character of bedding , can generally be related to dur­
ability ; i.e., argillaceous materials have a higher slake potential than 
arenaceous materials. 

Mineralogy also plays an important part in an assessment of dura­
bility. It relates not only to the composition of individual grains, 
but also to types of c ementing agents. The composition and amount of 
clay minerals present (e. g. , kaolinite, montmorillonite, illite, and 
c hlorite) are related to length of transport , source material , and 
degree of alteration undergone during and subsequent to deposition. As 
discussed in Chapter 2 , 0, mineralogy can have a direct impact upon the 
degree to which various slaking mechanisms affect the durability of geo­
logic materials. Of primary importance are various clay minerals be­
cause of their interlayer water-absorption characteristics and the type 
of ions adsorbed on exchange sites. Also, mineralogical properties of 
interparticle cementing agents, including bond strength and chemical 
activity , may influence slakeability. 

Both megascopic and microscopic structural characteristics can 
affect the slakeability of overburden materials. They relate to various 
planes of weakness which influence  durability by controlling the entry 
and mobility of pore fluids, residual stresses , and fragment size during 
excavation. 

Megascopic geologic structures , especially faults and Joints , re­
late to zones of weakness c reated during earth movements in the geologic 
past. Also, the presence of anticlinal and synclinal structures c an 
provide insight into stress regimes which may influence rock properties 
during and subsequent to excavation. Microscopic structures (rock fab­
ric)  describe spatial relationships of individual grains and among 
grains, and are mainly a function of the depositional environment, min­
eralogy , and diagenetic stress c onditions. Fabric can directly affect 
the integrity of the rock by influencing the physical interaction be­
tween individual grains and their reaction to stresses imposed during 
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the slaking process. This 
tropic fabric is present, 

is especially true where a strongly aniso­
such as in sediments with dispersed clays. 

3.1 GEOLOGY OF THE APPALACHIAN AND ILLINOIS BASINS 

The Appalachian and Illinois basins a re the two major coal­
producing areas in the eastern and central United States (Figure 3-1) . 
Although geological parameters va ry within these regions, the following 
generalizations can be observed: 

All coal-bearing 
nomically viable 
deposited during 
periods. 

strata that are presently eco­
are Paleozoic in age and were 
the Pennsylvanian and Permian 

• Conditions within these basins varied widely in
both time and space (McKee and Crosby, 1975a and
b) . These variations in sediment type were cor­
related to episodic activity in mountain building
and major fluctuations in sea level. This type
of depositional mode was cyclic and the resulting
vertical repetition of lithological sequences is
commonly refer red to as cyclothems (Wanless,
1975a and b). The initiation cycle was associat­
ed with an influx of detrital sediments from ad­
jacent elevated areas, producing typical deltaic,
stream channel, and floodplain deposits. With a
decrease in material, sedimentation slowed and
marshy or swampy conditions prevailed. The or­
ganic matter within these zones, later to be con­
verted to coal, was covered by marine sediments
deposited 1.n a transgressing sea. During the
subsequent marine regression, intercalated muds
and sands were deposited. Although this cyclic
depositional history describes a "typical" cyclo­
them, certain portions may be absent in some
areas.

• Argillaceous materials generally become more fre­
quent as sediments decrease in age and increase
in distance from the sediment source (McKee and
Crosby, 1975a and b).

• The clay mineralogy in the argillaceous units
remains fairly constant (Lessing and Thompson,
1973; O'Neil, et al., 1965; Harrison and Murray,
1964). This is believed to be true because of 
the similarity in regional depositional environ­
ments and source materials, as well as length of
time available for diagenetic alteration of vari­
ous clays to illite. The reported analyses of
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clays associated wi th coa�-bearing strata demon­
s t ra t e  a general predominance of illi t e  wi t h  
minor amounts of chlorite, montmorillonit e, and 
kaolinite. 

A general lack of information related to regional variations in 
other geological parameters, such as adsorbed ions, rock fabric, and 
cementing agents, requires that these parameters be evaluated on a sit e­
speci fie basis. 

3. 1 . 1 Appalachian Basin

The Appalachian Basin occupies an extensive area, ranging from 
western Pennsylvania to northern Alabama, and encompasses sections of 
Ohio, West Virginia, eastern Kentucky, Tennessee, Maryland, and Virginia. 
The lat t er three states are not incorporated in this study due to the 
relatively small geographic areas in which strippable coal occurs. 

The entire Appalachian Basin lies wi thin the boundaries of the 
Appalachian Pla teaus physiographic province as described by Fenneman 
(1938) . This plateau is highly dissected and exhibits moderate to 
strong relief throughout most of i ts area. This geomorphology has con­
tribu ted to the fact that the prevalent mining method has been conven­
tional contour mining. This method has been modified, due to legal and 
environmental pressures, to  include haulback or partial haulback meth­
ods. Wi th the exception of Pennsylvania, which contains 20 surface min­
able seams, stat es wi thin the Appalachian Basin have between 4 0  and 46 
(USD I-BM, 1971 ).  

Struct urally, the Appalachian Basin is a north-northeasterly trend­
ing depression which is located west of the Allegheny Front and the 
folded portion of the Appalachian Mountains. The Nashvi 1 le Dorne, and 
Cincinnati and Findlay arches form the western and northwestern boun­
daries, respectively (Figure 3- 1 ) .  

The basin i tself i s  generally characterized by gently dipping beds. 
Generally, those beds in the western portion of the basin dip to  the 
east and those in the east dip to the west. Localized dips up to  90 de­
grees occur near the adjacent Appalachian Mountains and in other isolat­
ed zones where intense deformation has occurred. Examples of these 
other localized tectonic features are the Paint Creek - Warfield Fault 
Zone (Huddle, et al. , 1963) located in eastern Kentucky and the Pine 
Mountain Thrust - Middleboro Syncline, located along the southeastern 
border of Kentucky and Virginia. In Alabama, the Coosa and Cahaba coal 
fields are long narrow troughs which have been dissect ed by thrust 
faults (Adams, et al. , 1926). Two other coal fields in Alabama, the 
Warrior and Plateau, are found farther to  the west within shallower 
synclines. 

The coal-bearing stratigraphy ranges from Lower Pennsylvanian t o  
Lower Permian in age with the younger materials being encountered i n  the 
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northern portions of the Appalachian Basin . The sediments become older 
to the south because of the thickening of the basal Pottsville Forma­
tion, decrease in deformation which occurred concurrent with deposition, 
and subsequent erosion . The basin during Pennsylvanian time probably • 
existed as a transitional zone between shallow seas to the west and 
highlands to the east . The basin has undergone slow subsidence as it 
filled with sediments eroded from adjacent highlands . Although cyclic 
sedimentation ( cyclothems) can be observed, the presence of marine 
deposits is minimal . 

The Dunkard Basin in southwestern Pennsylvania and western West 
Virginia contains almost the entire sequence of coal measure strata in 
this area . The southern tip of the Appalachian Basin is subdivided into 
several smaller basins, including the Warrior, Cahaba, and Coosa . Each 
contains only the Pottsville and Parkwood formations which, in places, 
have been structurally thickened to more than 10,000 feet ( 3, 050  meters) 
( McKee and Crosby, 1975a, b, and c) . Detailed summaries of the coal­
bearing units by state and field ( if delineated) are presented in Tables 
3 . 1  through 3, 8 .  

Within the southern portions of the Appalachian Basin, the A, C, 
and D i ntervals in Alabama and the Breathitt Formation i n  eastern 
Kentucky contain the highest proportion of shale compared to other 
formations in this area . In the northern portions of the basin, the 
Allegheny, Monongahela, Conemaugh, and Dunkard formations generally have 
higher shale contents . It may be assumed that the units containing 
higher proportions of shale will possess a greater potential for slak­
ing . This is especially true of the "red beds" within the Conemaugh 
Formation . 

3.1 . 2  Illinois Basin 

The Illinois Basin is a north-northwesterly trending depression 
which covers the southern two-thirds of Illinois, the southwestern por­
tion of Indiana, and extends into western Kentucky ( Figure 3-1) . It 
lies within two physiographic provinces as defined by Fenneman ( 1938) . 
The Central Lowland province is located in Illinois and western portions 
of Indiana . This province is covered with a blanket of glacial drift 
( Treworgy, et al . ,  1978) and exhibits low relief . The remainder of the 
basin lies within the Interior Lowland plateau province and has low to 
moderate relief . Because of this geomorphology, area mining is the most 
prevalent mining method in the Illinois Basin . The number of surface 
minable seams ranges from seven in western Kentucky to 15 and 16 in 
Illinois and Indiana, respectively (USDI-BM, 1 971 ) . 

Tectonically, the Illinois Basin is bounded on the west by the Mis­
sissippi Arch, on the south by the Ozark Dome, and on the east and 
northeast by the Cincinnati and Kankakee arches, respectively ( Figure 
3-1) . Strata in the maj ority of the basin dip gently, usually less than
5 0  feet per mile (nine meters per kilometer) . The Fairfield Basin,
which is located in the southeastern corner of the Illinois Basin, has
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SYSTEM FORMATION 

� ....z < :> Pottsville ,-l >< 
(I) 

� 
p., 

(l)McKee and Crosby ,
(2 ) USDI-BM, 1971.
(3) Coal seams listed

TABLE 3 . 1  
SUMMARY OF COAL- BEARING U�ITS IN ALABAMA-CAHABA FIELD 

INTERVAL( l) 
DESCRIPTION ( l) STRIPPABLE COAL SEAMS ( 2) SANDSTONE-

( thickness) SHALE RATIO ( l )  

B Predominantly sandstone with thin 
( ~2 , <h)O ft) layers of shale near top and middle <1 

( ·· 600 r.i) formation. 

Monteva llo ( 3)

Yeshic 

Helena 

Thompson A2 Upper 2 / 3  of the formation consists of  Clark 
( -2 , 300 f t) sandstone and shale in near equal Youngblood -1

(~ 700 m) Lower portion is predomi-amounts . Buck nantly shale .  Pump 
B ig Bone 
Wadsworth 

Harkness 

A1 Portion above Nunnally coal is Nunally 

(-5, 500 f t) predominantly shale .  The unit grades 
(·· 1 , 680 r.i) to predominantly sandstone at the -1

bottom. 

Gould 

1975c . 

at approximate position in stratigraphic section . 
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TABLE 3 . 2  
SUMMARY OF COAL-BEARING UNITS IN ALABAMA-COOSA FIELD 

SYSTEM GROUP INTERVAL ( 1) 
DESCRIPTION (

2
) STRIPPABLE COAL SEAMS ( )) 

( thickness ) 

Hammond ( S)  

Coal City 

� 
Broken Arrow 

Coal-Bearing Lenticular carbonaceous brown weather- Marion 
� Interval ing c laystone , sandstone , and silt-� Pottsville 
>< ( 1 , 980 ft )  s tone . Numerous coal bed s .  Shale is 
<fl 

( 600 m) evenly interspersed throughout . 

Gann "" 

Fairview 

Upper Chapman 

(1)  Rothrock, 1 949 . 
(2)  Daniel and Fies , 1 970.  

( )) USDI-BM, 1971 . 
(4) McKee and Crosby, 1 975c . 

(S ) Coal seams l isted at approximate posi tion in stratigraphic section . 

SANDSTONE-
SHALE RATIQ ( l , 4 )

-1



TABLE 3 . 3  
SUMMARY OF COAL-BEARING UNITS IN ALABAMA-PLATEAU FIELD 

SYSTEM GROUP INTERVAL 

� 

g 
Not 

Pottsville Delineated 

� 

( 1 )  Rothrock , 1949 . 

< 2 >oaniel and Fies , 1970 .
( J) USDI-BM ,  1 9 7 1 .  

DESCR IPTION ( 1 , 2) 

Interbedded sands tone and shale wi th 
sands tone predomina ting . Thin coa l 
beds a lso present w i th a conglomera te 
at the base of the Underwood seam. 

<4 > McKee and Crosby , 1 9 75c .
(5 ) Coal seam listed  a t  approximate posi t ion in st ra tigraphic sec t ion .
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STRIPPABLE COAL SEAMS ( J) 

Underwood ( S ) 

SANDSTONE-
SHALE RATI0 (4 )

>l



SYSTEM FORMATION 

z 
< ... 
z 

Pottsville 

(l) Metzger,  1965 . 
( 2 )USDI-BM, 197 1 .  
(3) McKee and Crosby, 
(4 )Coal seams listed 

TABLE 3 . 4  
SUMMARY OF COAL-BEARING UNITS IN ALABAMA-WARRIOR FIELD 

INTERVAL (l) 

(thickness) 

S t a g1..• 

F 
(~250 ft) 

(-75 m) 
New River 

E 
(~225 ft) 

(~7o m) 
New Ri ver 

D 
(~250 ft) 

(~75 m) 
New River 

C 
(~ 310 ft) 

(~95 m) 
New River 

B 
(~ 300 ft) 
(~90 m) 

New River 

A 
(~970 ft) 
(�295 m) 

Pocahontas 

1975c , 

DESCRIPTJO/ l) 

Layers of sandstone , shale , and 
conglomerate with some thin coal beds. 
Middle portion o f  section more shaly. 

Contains massive sandstones (some 
as thick as 60 ft/18 m) and thick 
shale units. 

Consists mainly of shale with some 
layers of sandstone near middle and 
top. Includes thin seams of coal 
and conglomerate . 

Lower portion is predominantly shale 
with thin beds of limestone and coal .  
Upper half of the interval contains a 
massive sandstone (- 50 ft/15  m) sandy 
shale , and thin beds of coal. 

Predominantly massive sandstones and 
sandy shales with subordinate amounts 
of shale and thin beds of coal inter­
spersed throughout. 

Lower 200 feet (60 m) largely composed 
of shale and sandy shale with some 
layers of sandstone .  Overall sand­
stone predominates with shale units 
constituting less than half of 
formation . 

at approximate position in stratigraphic section . 
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STRIPPABLE COAL S EAMS ( 2 ) 

Johnson (4) 
Clements 

Utley 

Gwin 

Thompson 
Mill 

Upper Cobb 
Lower Cobb 

Pratt 

American 
Curry 

Gillespy 

New Castle 
Mary Lee 

Blue Creek 

Jagger 

Jefferson 

Black Creek 

Rosa 

Bear Creek 

SANDSTONE­
SHALE RATIQ (l, 3) 

~l 

<1 

<l 

<0 . 75 



TABLE 3 . 5  
SUMMARY OF COAL- BEARING UNITS IN EASTERN KENTUCKY 

SYSTEM GROUP 
(thickness) 

Conemaugh 
(max 500 f t) 
(max 150 m) 

Breathitt  
(~2 , 300 ft) 

(~ 700 m) 

Lee 
(350-800 ft ) 
(105-245 m) 

(!) Huddle ,  et al . , 1963 .  
(Z) USDI-BM, 1971,

FORMATION 

None 
Delineated 

None 
Delineated 

None 
Delineated 

DESCRIPTION (!) 

Mainly shale (red , green,  purple) with 
lesser amounts of siltstone and sand­
stone, Unit also contains small 
amounts of limestone which appear as 
thin semicontinuous beds , 

Alternating beds of sandstone , shale and 
siltstone with thin beds of limestone 
interspersed throughout , Unit contains 
much of the minabl e reserve in eastern 
Kentucky , Thickens drastically from 
extreme northeast Ken tucky to southwest , 
Highly lenticular nature and rapid 
thickening of units make correlation and 
general description of stratigraphy on a 
regional basis extremely difficul t .  

Contains conglomerate, sandstone, 
siltstone , shale underclay. Con­
glomerates can be massive cliff 
formers in some areas. 

()) McKee and Crosby, 1975c, 
(4 ) Coal seams listed at approximate position in stratigraphic section , 
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STRIPPABLE COAL SEAHS (2 ) 

Princess No , 9 (4) 

Princess No, 8 
Princess No, 7 
Princess No, 6 

Princess No. SA 
Princess No, 5 

Hindman 
Princess No. 4 
Hazard No, 7 
Hazard No, SA 

Haddix 
Copland 

Upper Hamlin 
Lower Hamlin 

Stray 
Gin Creek 

Fire Clay Rider 
Fire Clay 

Upper Whitesburg 
Lower Whitesburg 

Gun Creek 
D 

Upper Elkhorn No , 3 
Elkhorn Leader 
Elkhorn No , 2 

Rich Mountain 
Upper Elkhorn No. 1 

Bingham 
Eagle 

Millaro 
Hagy 

Auxier 
Zahariah 

Upper Banner 
Elswick 

Barren Fork 
Beattyville 

Hudson 

SANDSTONE­
SHALE RATIO ( )) 

< l  

>l
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SYSTEM GROUP 
(thickness} 

Dunkard H 

� (-62 5 ft) "' (-190 m) 0.. 

Monongahela 
(-250 ft) 

(~75 m) 

Conemaugh 
(~400 ft) 

(-120 m) 

� 
� .., Allegheny >< "' (-210 ft) 

� (-65 m) "' 

Pottsville 
( -250 ft) 

c-75 m) 

(l) Brant, 1964. 
(2 )stout, 1947. 
(J )USDI-BM, 1971.
(4)McKee and Crosby, 1975c. 

TABLE 3 .6 
SUMMARY OF COAL-BEARING UNITS IN OHIO 

FORMATION DESCRIPTION (l, 2) 

Predominantly shale and sandstone with 
small amounts of limestone throughout. 
Sandstone becomes more massive near Washington bottom of unit. Major coal seam is 
the Washington , considered of little 
or no value. 

Predominantly limestone, calcareous 

None shale, and sandstone with minor amounts 

Delineated of noncalcareous shale and clay. Unit 
becomes sandier in southern portion of 
state. 

Composed mainly of shale and clay with 
consistent limestones throughout for-
mation. Massive sandstones are inter-

None spersed throughout and can comprise 
Delineated 25-40 percent of unit. Relatively 

thin coal seams in this unit are not 
considered minable. 

Rich coal-producing unit. Consists 
mainly of interbedded sandstone and None 
shale/clay with minor amounts of Delineated 
limestone. Sandstone predominates 
in upper portion of unit. 

Dominated by shale/clay and sandstone 
None with subordinate amounts of marine 

Delineated limestone. Contains several minable 
seams not considered strippable. 

(5) Coal seams listed at approximate position in stratigraphic section. 

STRIPPABLE COAL SANDSTONE-
SEAMs O) SHALE RATIQ(4) 

None 
Delineated - 1 

Meigs Creek( 5) 

Redstone - 1

Pittsburgh 

None 
- o.5Delineated 

Upper Freeport 

Lower Freeport 

Middle Kittanning 
- o.5

Lower Kittanning 

Clarion 

Brookville 

None >lDelineated 
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TABLE 3 . 7  
S UMMARY OF COAL-BEARING UNI TS IN WESTERN PENNSYLVANIA 

SYSTEM GROUP 
( thickness) 

c.. --- Dunkard 

.:, (< 1 , 200 ft) 
>- z (<365 m) 0 Vl < 

� � ;;:4-. � < c.. "- > - -

Monongahela 
( - 350 ft )
( - 105 m) 

Conemaugh 
( 600 f t )  

3 ( �1 a0 m) 
z 
..J >-
z z 

Allegheny 
( -- 300 ft) 

( -90 m) 

Pottsville 
(- 200 ft ) 

(-60 m) 

(l) Piper, 193 3. 
( 2 )sisler, 1961.  

(
3

)USDI-BM, 1 9 7 1. 

FORMATION 

Washington 

� -- -
Waynesburg 

None 
Delineated 

Casselman 

Glens haw 

None 
Delineated 

None 
Delineated 

<
4 )McKee and Crosby, 1 975c.

DESCRIPTION ( l ) 

Alternating fine grained shale and 
sandstone. Some discontinuous thin-
bedded limestone . Coals general ly 
thin but locally minable.  

Known as "upper production" coal 
measure.  Massive limestone with 
variable shales, discontinuous sand-
stone and coals . The section becomes 
sandier to south and contains some 
red shales. Pittsburgh coal located 
at the base of the formation, con-
sidered the greatest single mineral 
resource in state . 

Upper portion of the unit contains 
green and gray shales with several 
thin, discontinuous sandstones and 
limestones. The lower portion of the 
unit contains predominant ly locally 
massive sandstones enclosed in thin 
beds of shale and limestone. The unit 
shows high horizontal variability in 
stratigraphy with units lensing in 
and out very quickly. 

The unic consiscs of shales, thin 
sandstones, and limestones. Several 
very persistent coals and some 
prominent underclays. Shales are 
olive green - drab in upper portion 
of the section and brown in the lower 
portion due to iron oxide. In some 
areas sandstone is nearly absent from 
the section. 

The Pottsville Group consists 
largely of sandstone with subordinate 
amounts of shale and some thin locally 
minable coal beds. 

( S )
Coal seams l isted at approximate posit ion in strat igraph ic sect ion.

STRIPPABLE COAL SEAMS ( 2 • 3 ) 

Wash ington ( 5 ) 

T,Jaynesburg 

Uniontown 

Sewickley 

Redstone 
Pittsburgh 

Brush Creek 
Mahoning 

None Delineated 

Upper Freeport "E" 
Lower Freeport 1 1D 1 1

Uprer Kittanning "C prime" 
Middle Kittanning "C" 

Lower Kittanning "B"  
Upper Clarion 
Lower Clarion 
Brookville "A1 1

Upper Mercer 

Lower Mercer 

Quakertown 
Sharon 

SANDSTONE-
SHALE RATio ( l . 4 ) 

- 1

< l  

< l  

> ]

-0. 5 

>l 



TABLE 3 . 8  
SUMMAKY OF COAL-BEARING UNITS I N  WEST VIRGINIA 

SYSTEM 

� 
"'
2 

(CRt1l'l' ( I ) 

( th i ckness ) 

Dunkard 
(max 1 , 200 f t )  

(ma x 365 m) 

Monongahela 
(200-400 f t )  

(60-120  m )  

Conemaugh 
(4 50-600 f t )  
( 1 35-185 m) 

Allegheny 
(200-300 f t )  

(60-90 m) 

Pot tsville 

FORMATION 
( thickness) 

None 
Delineated 

None 
Delineated 

None 
Delineated 

None 
Delineated 

Kanawha 
600- 2 ,  000 f t
( 185-610 m) 

DESCR I l'TION ( I ,  2)

Primarily  red shale with subordinate 
amount s  of sandstone , l imestone , coal

and c lay . Sec t ion grays and thins to 
the north.  

Red and gray shale ,  sandstone , non-
marine l imestone , and smaller amounts  

of coal  and c lay .  

Red and gray shale sandstone , non­
marine limestone , and lesser amount s  
of marine sha l e ,  coal and clay . 

Primarily sandstone and gray shale 
with minor amol1n t s  of c lay , coal , and 
l imestone . 

In the sou t h ,  primarily  sandstone , 
gray shale  with abur...!ant thin coal 
seams and sma l l  amounts  of c lay,  and 
l imestone. To the north , the
Po ttsville thins rapidly , loses i t s
commercial seams , and is  not
different iated . 

New River Ha inly c lean sandstone , lesser amounts 
( 400-1 , 000 f l of shale and coa l ,  and thin beds of 
( 120-305 m) c lay and limestone . 

Pocahontas Sandstone predominant with subordinate 
(200-- 700 f t )  amounts of shale and coal . Also 

(60--21S m) contains thin beds of clay. 

( l \eystone Coal Industry Manual , 1978 , 
( 2 )Wilmoth and Ward , 1968 . 
(

J )USDI-BH, 197 1 .  4') 
<4 )McKee and Crosby, 1975c . 

C 5 )Coal aeama l i lted at approx imate po 1 i t ion in ot rat igraphic aect ion . 

S."l'" l l'PABLE COAL Sl'\.'IS ( J) SANDSTONE-
) " . ·., ' SHALE RATI0 (4 

Washington< 5 ) 

Waynesburg 

Sewickley 
Redstone 

Pi t tsburgh 

Upper Bakerstown 
Bakers town 
Brush Creek 

Ha honing 

Upper Freeport 
Lower Freeport 

Upper Kittanning 

Middle Kittanning 

Lower Kittanning 

Clarion 

Mercer 
S tockton 
Coalburg 

Buffalo Creek 
Winifrede 

Chilton 
Hernshaw 

Wi 1 1  iamso1. 
Cedar Grove 

Lower Cedar Grove 
Alma 

Camp be 1 1  Creek 
Powel l  ton 

Eagle 
Little Eagle 

Lower War Eagle 
Gilbert 

Iager 

Sewe l l  
Welch 

Little  Raleigh 
Beckley 

Fire Creek 
No,  9 Pocahontas 
No,  8 Pocahontas 

No , 7 Pocahontas 

No . 6 Pocahontas 
No.  s Pocahontas
No,  4 Pocahontas 
No , 3 Pocahontas 
No , 2 Pocahontas 

<l 

< l  

< l  

- 1

> l

» l



the greatest accumulation of sediments and is associated with several 
small anticlines . These flexures, along with a number of other north­
erly trending folds ,  are found throughout the Illinois Basin .  The 
maj orit y  of th ese are of low a mpl itude and h a ve l ittle structural 
significance . In the southeastern corner, a maj or structural feature 
including the Sh awneetown - Rough Creek Fault Zone and Moorman Syncline 
occurs . 

All product ive coal seams are Pennsylvanian in age (Wanless, 1975b). 
The l ithologic sequences are similar to those described in the Appalach­
ian B as in ;  h o we ver,  because the deposit ional environment was more 
strongly influenced by marine sedimentation , h igher percentages of sh ale 
and 1 imestones are encountered (Wier and Gray , 1961) . The sediment 
sources were primarily the C anadian Shield and ancestral Appalach ian 
Mounta ins . Detailed summaries of coal-bearing units in the 1 1  linois 
Basin,  by state, are presented in Tables 3 . 9  through 3 . 1 1 .  

Those formations, wh ich exh ibit a h igher content of sh ale or argil­
laceous materials , are the Carbondale , Bond, and Lisman formations . 
Units above the Danville (No . 7) coal seam in Indiana exh ibit a h igh 
content of chlorite (Harrison and Murray ,  1964) ; th is mineral is rela­
tively unstable and may influence the slakability of these overburden 
materials . 
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TABLE 3 .  9 
Sl.NMARY OF COAL-BEARINr. UNITS IN ILLINOIS 

SYSTEM GROUP 

McCleansboro 

Kewanee 

McCormick 

FORMATION 
(thickness) 

Mattoon 
(0-70o+ ft) 

(0-215+ m) 

Bond 
(100- 350 ft) 

(30-105 m) 

Carbondale 
(200-400 ft) 

(60-120 m) 

Spoon 
(0-350 ft) 
(0-105 m) 

Abbott 
(0-550 ft) 
(0-170 m) 

Caseyville 
(0-600 ft) 

(0-185 m) 

(l) Willman, et al. , 1967.
(2) Treworgy , et al. ,  1978,
(3)McKee and Crosby , 1975c.

DESCRIPTION ( ! ) 

Cyclic deposits of shale, sand-
stone , coal, and limestone . 

Predominantly limestone with equal 
subordinate amounts of sandstone 
and shale . Trace amounts of coal 
and clay. 

Cyclic deposits of shale, lime­
stone , sandstone , coal and clay. 
Contains several important coal 
seams. 

As above. Contains more sandstone 
in south . 

Very thin in north, Thickens to 
south , oredominantly sandstone with 
lesser amount s  of shale ,  coal ,  and 

clay. 

Largely sandstone with trace clay 
and sha l e ,  Section thickens to 
the south. 

(4) Coal seams listed at approximate position in stratigraphic section.

4 2  

STRIPPABLE COAL SEAMS ( 2) 

Trowb ridge (4 ) 

Shelbyville 
Opdyke 

Friendsville 

Unnamed Seam 

Danville (No. 7) 

Herrin (No . 6) 

Springfield (No. 5) 
Harrisburg 

Sumnum (No. 4 ) 

Colchester (No. 2) 

DeKoven 
Davis 

Murphysboro 

Rock Island 

Willis 

Reynoldsburg 

Gentry 

SANDSTONE-
SHALE RATIO(!, 3) 

~l 

~l 

<l 

~l 

~l 

»l



SYSTEM GROUP 

McCleansboro 

z 
H 

� 
>= 
U) z z 

Carbondale 

Raccoon Creek 

(l )Shaver, et al . ,  1970 ,
(Z )Wier and ,Gray , 196 1 .
(J )Gray , et al . ,  1970.  
(4 )USDI-BH, 197 1 ,

FORJIATION (l) 

( thickness) 

Ma ttoon 
(<150 ft) 

(<45 m) 

Bond 
(max 150 ft) 

(max 45 m) 

Patoka 
(100-350 ft) 

(30-105 m) 

Shelburn 
(50-250 ft) 

(15- 75m) 

Dugger 
(33-185 ft) 

(10-55 m) 

Petersburg 
(70- 193 ft) 

(2 1-59 m) 

Linton 
(4 3- 162 ft) 

(13-50 m) 

Staunton 
(75-125 ft) 

(2 3- 38 m) 

Brazil 
(40-90 ft) 

(12-27 m) 

Mansfield 
(50-300 ft) 

(15-90 m) 

{5 )HcKee and Croaby , 1975c.

TABLE 3 . 10 
SUMMARY OF COAL-BEARING UNITS IN IKuIANA 

DESCRIPTION (l ,  2 ' 3'1 STRIPPABLE COAL SEAMS (4 ) 

Contains sandstone and lesser thick-
nesses of shale, coal, l imestone, None Delineated 
clay . Coals are not of economic 
importance. 

Predominantly shale and sandstone with 
thin beds of limestone and small None Delineated 
amounts of clay and coal . 

Largely composed of sandstone and 
shale with thin beds of shale and coal None Delineated 
of little economic importance . 

As above . None Delineated 

Consists of shale , lesser amounts of Danville (VII) ( 7)
sandstone , and thin deposits of 
limestone and coal , Basal unit is Hymera (VI) 
a black shale associated with an 
underlying pyritic limestone . Coal (Vb ) 

Springfield (V) 
Contains shale and sandstone with thin 
beds of limestone and several thin 
coal beds along with the important 
Springfield seam. 

Survant (IV) 

Shale and sandstone with subordinate 
amounts of l imestone and coal. 

Colchester (IIIA) 

Seelyville ( III) 

Shale is predominant with sandstone 
and trace of limestone appearing 
as thin beds, 

Minshall 
Predominantly shale with minor amounts Unnamed Seam 
of sandstone and coal . Upper Block 

Lower Block 

Sandstone predominates with lesser Mariah Hill 
amounts of shale and minor amounts of Blue Creek 
coal, limestone, and clay. 
Lithologies are arranged in a crude 
cyclic pattern, Unnamed Seam 

4 3  

(6
)The ahale unit on top of the Danv i lle No, 7 coal contains anomoloualy more chlorite than any other ahale

in the section , 
(7 )Coal oeama liated at approximate poaition in atratigraphic sect ion,

SANDSTONE-
SHALE RATI0(2 , 3 , 5) 

>l 

<l 

- 1

- 1 (6)

< l  

< l 

< l  

0 , 5 ±  

0 , 5 ± 

» 1 



TABLE 3 . 11 
S\TMMARY OF COAL-BEARING UNITS IN WESTERN KENTUCKY ( l) 

SYSTEM GROUP 

"'.,......,
C .........,

FORMATION 
( th ickness) 

Lisman 
(~ soo ft) 
(~ 245 m) 

Carbondale 
(··250 f t) 

(~ 75 m) 

Tradewater 
(350 ft) 

(105 m) 

Caseyville 
(~ 310 f t) 
(~95 m) 

() )McKee and Crosby, 1975c.

DESCRIPTlON ( l ) 

Consists mainly of shale units with 
limestone near the base of formation 
and small sandstone zones throughout . 

Pr�dominan t l y  st1al e wJ tl1 somP 
discontinuous sandstone lenses. 

Near equal distribution of sandstone 
and shale. Shalier units predominate 
in the upper half  and sandstone in 
the lower hal f .  

Composed of alterna ting beds of sand­
stone, siltstone , and shale , 

(Z)Keystone Coal Industry Manual , 1 978.
(3) USDI-Bli, 1971 .

< 4) Main producing seam. 
(5) Coal seams listed at approximate position in stratigraphic section.
(6) Minor producing seam.
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STRIPPABLE COAL SEAMS ( 2 , 3) 

No . 1 4 (4 , 5) 
No. 1 3(4) 
No . 1 2 (4) 

No . u (4) 
No . 10 (6) 
No . 9 (4) 

Schultz town (6)  

DeKoven ( 6 )  
Dav i s  (/lo . 6 )  (6 )  

!lining City (No . 4 ) (
4 ) 

Bell (6 ) 

Main Nolin ( 6) 

SANDSTONE­
SHALE RATro (2} 

<0 . 75 

<l 

-1 



4 . 0 MINING AND RECLAMATION TECHNIQUES 

In addition to inherent properties of geologic materials, mining 
and reclamation techniques influence the mode, rate, and degree of 
slaking encountered in mine spoils in the eastern and central United 
States . 

4 . 1  EXCAVATION AND PLACEMENT TECHNIQUES 

Four general methods of surface coal m ining ( area, mountaintop 
removal, partial or complete haulback, and conventional contour mining) 
are prevalent in the eastern and central portions of the United States . 
Although methodology is primarily topography dependent, other site 
characteristics provide input into the selection process . 

Spoil placement techniques within the study area consisted of two 
basic methods: 

• Spo ils are placed at the angle of repose by
pushing over the outslope as in contour mining
or piling from above as in area mining .

• Spoils are placed in controlled lifts . Lift
thickness and degree of compaction are variable
depending on equipment and number of m achine
passes . This type of placement typically occurs
in haulback mining, and in head of hollow and
valley fill construction .

Area mining operations are found in the gently rolling topography 
of the Illinois Basin and in the low sloping hills around the margins of 
the Appalachian Basin . Operations range in size from several hundred to 
several thousand acres and mine life is typically 5 to 30 or more years 
in duration . Overburden removal is accomplished by either continuous 
bucket-wheel excavators, walking draglines, or stripping shovels . Where 
unconsolidated m aterials such as g lacial till or loess comprise a 
significant portion of the overburden, primarily limited to areas of 
central Illinois, bucket-wheel excavators are employed . More commonly, 
overburden removal in area mining is accomplished by walking draglines 
or stripping shovels . Bucket capacities of these machines range from 
approximately 20 to as much as 200 cubic yards (15 to 150 cubic meters) . 
The larger-capacity d raglines and shovels are g enerally found in 
Illinois and Indiana, while the smaller machines are utilized in the 
eastern states . 

Spoil placement is accomplished by dropping materials, forming a 
ridge of spoil piles parallel to the activ e  pit; each new cut results in 
a new ridge . In the past, ridges were often left as deposited or had 
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the tops "leveled" with a single pass of a bulldozer resulting in a 
ridge and trough type of topography . This practice has been discon­
tinued with the advent of new state and federal regulatory programs. 
Current area mining operations return the spoil to approximate original 
contour, which is usually accomplished by grading the spoil ridges with 
bulldozers and less frequently by placement with scrapers. The net ef­
fect has been to increase spoil handling and machinery traffic on newer 
spoil areas. 

Mountaintop removal mining, usually performed in conjunction with 
valley or head-of-hollow fills, is a technique which has only recently 
come into widespread use . Mountaintop removal in conjunction with 
haulback mining is rapidly replacing conventional contour mining in the 
steep slope areas of the eastern coal fields. 

Advances in mining technology and particularly improved efficiency 
in overburden excavation have made mountaintop removal an economically 
viable method for surface mining of coal. Operations are commonly sev­
eral hundred acres in size and mine life ranges from two to  ten years. 
Coal removal is generally conducted on several seams with total over­
burden-interburden thickness as much as 500 feet (150 meters) or more . 
Spoil removal is accomplished with small electric shovels of 10- to 25-
cubic-yard ( 7.6 to 19 cubic meters ) capacity or endloaders . It is 
transported by trucks ranging in capacity from 30 to 80 tons to fill 
areas and dumped in controlled lifts. The lifts are then graded and 
compacted with bulldozers. At the termination of coal removal opera­
tions, the mountaintop area is graded to a gently rolling plateau. 

Haul back mining, as mountaintop removal, has evolved within the 
past 10 to 15 years and is conducted primarily in the mountainous re­
gions of the eastern states. Operations range from as small as 20 to 
several hundred acres in size with mine life from six months to approxi­
mately ten years in duration . Although overburden is usually loaded by 
endloaders, small electric shovels are occasionally utilized. Spoil is 
hauled back to a previously mined area by truck, dumped, and then graded 
by bulldozers . Older haul back areas were "partially" backfilled against 
the highwall and excess spoil disposed of by extending the width of the 
bench area. Current haulback operations, in attempting to comply with 
state and federal "original-contour" requirements, eliminate much of the 
highwall. This extra grading, required to return the materials to their 
approximate original contour, has resulted in more spoil handling and 
increased machinery traffic. 

Conventional contour mining was once the principal surface coal 
mining method used in the mountainous areas of the eastern states. As 
previously noted, it is rapidly being replaced by haulback and mountain­
top removal methods, and presently accounts for a small percentage of 
current surface mine operations. Contour operations range in size from 
20 to several hundred acres and mine life is from six months to several 
years. Conventional contour mining involves minimal spoil handling 
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with materials placed on or pushed over the outslope with little or no 
compaction and minimal placement cont rol. Most state regulations now 
prohibit spoil placement on the outslope and this mining method 1s 
expected to become even less common in the future. 

Many changes have occurred in mining techniques within the past 15 
years. Area mining continues to be a major method of coal production in 
the central states while haulback and mountaintop removal are rapidly 
replacing conventional contour mining in the eastern states. 

Changing laws and regulations, technological advances, and economic 
and environmental considerations have combined to alter the impact of 
mining methods on the slaking phenomenon. In particular, these changes 
have manifested themselves in the form of heavier and more powerful 
stripping equipment, increased spoil handling, and more controlled spoil 
placement. The results of the field program (Section 9. 1) suggest that 
current mining methods have an increased effect on slaking. 

Minimizing spoil handling is a key aspect of surface mining opera­
tions. Older operations typically handled spoil by draglines, shovels, 
or end loaders only once with minimal grading after placement. Current 
operations still utilize single handling when possible; however, greater 
emphasis on spoil handling sometimes requires additional handling. 
Regrading, often with multiple passes, has become much more extensive. 

The increased spoil handling and manip ulation, and the use of 
larger and more powerful equipment is believed to impact the rate 
and degree of slaking primarily through a more rapid breakdown of 
materials by means of crushing, abrasion, and weakening of bonds in rock 
fragments. 

4. 2 RECLAMATION TECHNIQUES

Reclamation techniques for surface mine spoils have evolved in the 
past ten years even more rapidly than mining procedures. Reclamation, 
which in older operations was generally considered a minor activity, is 
now an integral part of mine planning. 

Reclamation activities on older operations vary from state to state 
and even from mine to mine, ranging from minimal to intensive levels of 
effort. Increased state and federal regulations as well as increased 
awareness of the benefits of proper reclamation by the mining industry 
have brought about many changes in techniques and procedure. 

Currently, toxic or potentially toxic materials are segregated and 
safely disposed of, usually by deep burial. In contrast, most older 
operations made no attempt to segregate any spoil materials. Topsoiling 
which was practiced only in isolated instances in past operations is now 
conducted on all current mining operations. Most mining operations now 
mulch, lime, and fertilize topsoil or spoil materials as needed in 

47  



con trast to older operat ions where this was an infrequent pract ice . 
Seedbed preparat ion by disking, dragging, or o t her means has also become 
a widespread pr act ice with grass-legume mix t ures, shrubs, and trees 
seeded or planted at recommended rates to establish a dense stand of 
veg e t a t ion promo t ing erosion and s tabil i t y  con trol . F ur t hermore, 
diversion ditches, t erraces, and sediment ponds are being incorporat ed 
into reclamation planning to con trol runoff, erosion, and stabilit y  
problems . The marked increase in reclamation activities in recent years 
has caused an increase in machinery traffic and manipulation of spoils 
and refined final placement methods . 

As wit h  mining operations, curren t reclamation ac tivit ies affect 
slaking of mine spoils . Additionally, spoil manipulation due to re­
grading and shaping fur t her stresses t he spoil materials and reduces 
strengt h  characteristics of rock fragmen ts . Final grading often result s  
in long smoot h  slopes which are prone to accelerated erosion and sur­
ficial slaking . Seedbed preparat ion by mechanical till age may also 
impac t t he slakability of near-surface spoil fragment s .  

The effect s  of t opsoiling on slaking depend on several variables . 
Thickness and permeabilit y  of t he topsoil layer and t he nature of t he 
topsoil-spoil interface are t he principal controlling factors . Top­
soiling generally reduces slaking since it impedes direc t access of 
atmospheric agents to t he underlying spoil . 
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5 . 0  FIELD PROGRAM 

A detailed field program was implemented to document the nature, 
occurrence, distribution, and effects of slaking in surface mine spoils. 
It consisted of the following five phases: 

• Preliminary Site Selection
• Site Reconnaissance and Final Selection
• Highwall Exploration
• Mine Spoil Exploration
• Interviews with Mine and Regulatory Personnel

The field program was designed to obtain information which is rep­
resentative of various mining and reclamation techniques and properties 
of geologic materials for a given region, as well as optimize collection 
of necessary data from external sources. 

5. 1 PRELIMINARY SITE SELECTION

Initial site selection was based on an intensive telephone campaign 
in which support of various mining companies was solicited, Nearly 5 0  
companies and/or mines were contacted ; a verbal explanation of the proj­
ect was provided to each organization. Those organizations that were 
receptive to the study were asked to provide site-specific information 
relating to mining technology, age of mining, and overburden character­
istics. A final screening was performed giving consideration to mining 
and reclamation techniques. Area mining by draglines, mountaintop 
removal by truck and shovel methods, and haulback techniques were all 
included. Conventional contour mining, which is rapidly disappearing in 
current operations, was not included; however, several sites had older 
spoils mined by this technique. Recognizing that inherent properties of 
the geologic materials exert a major influence on the degree, rate, and 
mode of slaking encountered in mine spoils, an assumption was made that 
those sites with higher percentages of argillaceous lithologies would 
provide more oc currences of slaking than those with sandstones as a 
major component of the overburden. Therefore, overburden composition 
was considered as a prime factor during the preliminary site selection 
process. Other factors evaluated included the following: 

• Geographic location.

• Production characteristics and minable extent of
the coal seams mined at each site.

• Ava j labili ty and access of the various age spoils
and drilling locations at each site,

• Uniformity of overburden materials on a site­
specific and regional basis.
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• The level of cooperation and int erest exhibited
by mining company personnel.

• Unique charact erist ics.

5.2 SITE RECONNAISSANCE AND FINAL SELECTION 

Following the preliminary site select ion process, a one-day field 
reconnaissance at each of seven potent ial study sit es was conducted 
(Figure 5-1 ).  Site-specific informat ion was obtained t o  assess the com­
patibility of each site with the object ives of t he study and t o  aid in 
properly designing and implement ing t he remainder of t he field program. 
This informat ion included the following: 

• Be t t er  defini t ion of mining and r eclama t ion
history.

• Bet ter definit ion of the thickness and composi­
t ion of overburden materials.

• Occurrence of slaking and associated environ­
mental effects.

• Location and accessibility of spoils and drill
sites.

• Informat ion from regulatory and environmental
groups.

Each mine site was evaluated by int erviewing mine personnel as well 
as field checking the act ive mining and reclamat ion operat ions and re­
claimed spoil areas. 

Based on the results of this reconnaissance, five sit es providing 
an optimum mixt ure of mining t echniques and geologic materials as well 
as good spatial distribution within the study area were chosen for t he 
detailed field program. However, during the lat ter stages of this pro­
gram, one mining company withdrew from t he program with t he resulting 
four sites located ent irely within the Appalachian Basin (Figure 5-1 ) .

A systematic field invest igat ion, which consisted of examining bot h  
highwall and spoil materials a t  each site, commenced in late  April and 
was concluded in early June 1979. The same invest iga tive t echniques a t  
the same level of intensity by the same personnel were employed at  all 
st udy sites t o  facilitate comparison and ext rapolat ion of results and 
conclusions. 

5.3 HIGHWALL EXPLORATION 

A boring was d rilled to  evaluate t he in situ or prem1n1ng condition 
of the overburden at each site. The hole was located near the active 
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high wall to provide visual correlation with the observed lithologic 
units. The hole was placed so as to core the full section of overburden, 
and interburden if present, to the lowest mined coal. Drilling was con­
ducted with truck-mounted drill rigs using water as drilling fluid. The 
soil was not sampled and coring commenced when durable rock was encoun­
tered. Core runs were generally ten feet in length and were retrieved 
by standard wire-line techniques, providing NQ-sized core (1-7/8 inches, 
48  millimeters) for visual identification. 

The visual descriptions were logged using a standard format and 
included the following: 

• Color.

• Lithology.

• Relative hardness.

• Special features such as  natural fractures,
sl ickensides, fossils, and identifiable minerals
such as carbonates, mica, p yrite, or others.

• Spatial distribution of discontinuities.

• Depth and thickness of e ach lithologic unit.

• Percent recovery and rock quality designation
(RQD).

• Depth of groundwater (if encountered ) .

The rock core was placed in specially designed boxes which utilized 
weather stripping and heavy sheet plastic to minimize fluctuations in 
moisture content. Each box was accurately labeled to assure proper s am­
ple selection during the subsequent laboratory program. 

The logs were correlated with highwall observations and any litho­
logic variations or discontinuities noted. Other pertinent geologic 
parameters which were observed in the exposed highwall were also incor­
porated. An at tempt was made to correlate the lithotypes observed in 
the core and highwall with test pit observations to identify and charac­
terize the location and extent of slakeable lithologies. 

5.4 M INE SPOIL EXPLORATION 

To evaluate the mode, degree, and extent of slaking in mine spoils 
and the associated environmental effects, a thorough test pit explora­
tion and visual reconnaissance program was conducted at each site. Spe­
cific variables and/or relationships which were investigated follow: 

• Identification of which lithotypes undergo slak­
ing in mine spoils.
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• Identificat ion of inherent 1 ithologic propert ies
which influence slaking.

• Evaluat ion of the effects of time on slaking.

• Evaluation of the effect s of mining and reclama­
t ion techniques, including depth of placement and
packing density on slaking.

To fulfill the objectives of the field program, both surficial and 
subsurface charact eristics of recently placed, as well as t wo-, five-, 
and t en-year-old spoils were observed, described, and evaluated. The 
location and limits of each area were defined by mine personnel and min­
ing records, if available. Each area was t raversed on foot and surfi­
cial features charact erized, as shown in Table 5 .1. Based on observa­
t ions of surficial features, the locations of four t est  pits per age 
spoil (16 per mine site) were flagged. Test pits six t o  eight feet ( 1.8 
to 2.4 meters) deep, six feet (1.8 meters) wide, and 10 to 15 feet (3.1 
to  4.6 meters) long were excavat ed using a backhoe. This method of sub­
surface exploration was chosen because of its speed, mobility, and mag­
nitude of observational area achieved. Occasionally, pit s were excavat­
ed t o  a depth of approximately 10 feet (3 meters) so that slaking could 
be observed at its maximum; however, this was only necessary in a few 
instances. 

Surficial features as well as a preliminary log of subsurface fea­
tures a t  each test pit were compiled, as indicated in Table 5.1. Based 
on this information, t wo representative test pit s  in each age spoil were 
logged in detail (Table 5 . 1 ). One of these detailed pits was then 
selected as t ypifying t he spoil area and prepared for sampling and in 
situ t esting. 

Bulk density and moisture content determinations were conducted at 
the surface and within t wo selected subsurface layers using a nuclear 
density gage. Tests were conduct ed using standard recommended proce­
dures with three replications in each layer. A bag sample, weighing 
approximately t wo pounds ( 1 kilogram), was taken at each test locat ion 
for gravimet ric water content determinat ions for calibration purposes. 
Subsurface tests were prepared by carefully benching off one side of the 
test pit with the backhoe to the desired depth. A bulk sample, weighing 
approximately 100 pounds (45 kilograms), was taken from a select ed sub­
surface layer for subsequent determination of bulk grain size dist ribu­
t ion. All t est pits were backfilled at the conclusion of the explora­
t ion program. Bag samples of each major lithot ype, weighing approxi­
mat ely 125 pounds (55 kilograms), were collect ed from the fresh spoil 
area at every site t o  supplement the rock core samples and provide an 
auxiliary supply of t es t ing ma t erials for  t he laboratory  prog r am. 
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LOCATION 

Recent, 2-, 5-, 
10-Year Aged 
Spoil Areas 

Test Pit 
( Sur ficial 
Features) 

Test Pit 
( Subsurface 
Features) 

TABLE 5 . 1

OUTLINE OF DESCRIPTORS USED FOR 
MINE SPOIL CHARACTERIZATION 

VARIABLE 

Spoil Geomorphology 

Slope 

Slope Stability 

Sur face Hydrology 

Hydrologic Structures 

Erosion 

Surface Condition 

Vegetation 

Surface Condition 

Surface Materials 

Stratification 

DESCRIPTOR ( 1) 

Outslope, Bench, Backfilled 
Highwall, Valley Fill, Rolling 
Upland, Other < 2 )

Length, Gradient, Config­
uration, Unifonnity 

Surface Creep, Bulges, 
Scars, Failures 

Type (e.g . ,  Seeps, Springs, 
Ponded Water) , Areal Extent, 
Flow, pH, Depth 

Type ( e. g . , Sediment Pond, 
Diversion Ditch) , Dimensions, 
Drainage Basin, Topographic 
Position, Rock Riprap 

Type (e.g. , Sheet Action, Rills, 
Gulleys) , Rock Pavement 

Disk Marks, Bulldozer, or 
Rubber Tire Tracks, Other< 2 ) 

Species, Cover, Distribution, 
Litter 

Rock Mulch, Desiccation Cracks, 
Crusting, Heaving 

Lithotype, Hardness, Structure, 
Color, Mode of Slaking 

Depth, Thickness, Coarse Frag­
ment Content (%) ,  Lithotypes, 
and % of Each, Texture (Grain 
Size) , Special Features 

See footnotes at end of table. 
54 



LOCATION 

Test Pit 
(Subsurface
Features) (3) 

TABLE 5 . 1  
(Con t inued ) 

VARIABLE 

Stratification< 4) 

DESCRIPTOR ( l)

Pores and Voids, Roots, Moist 
Color (Munsell De signations 
for Matrix and Mottles) , 
Structure, Moist Consistence, 
Boundary, Special Features, 
Bulk Density and Water 
Content(5) 

( 1) Unless noted, any descriptor which required quantification (i.e . ,
gradient) was estimated by visual observation. Soil descriptors were
characterized according to standard USDA methodology.

(Z) When descriptor did not fall within the preselected terminology,
further definition was required .

( J )  . f h ' l  1 f . In one pit o eac age spot , samp es were taken or point load
testing, water contents, and bulk grain sizes.

(4 ) ' l  d f . ' ' l  Comp1 e or two pits in each age spot • 

< 5 )Measured · · t · h · 1 in one pl in eac age spot •
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5 . 5  INTERVIEWS WITH MINE AND REGULATORY PERSONNEL 

Informal interviews were conducted with mining, regulatory, and 
other pert inent government agency personne 1 to supplement information 
collected during other port ions of the field program . Informat ion 
regarding slaking and associat ed effects, mining and reclamation tech­
niques, and related subjects was collect ed and summarized as described 
in the following paragraphs . Individuals we re also asked t o  ident ify 
local environmental groups or persons familiar with mining in the study 
area . None of t he mining, regulatory, or government personnel were 
aware of any such groups or individuals . 

Preliminary 
was supplemented 
the explorat ion 
subjects: 

informat ion collect ed during the site reconnaissance 
by further consultat ions with mining personnel during 
program and included specific dat a on the following 

• Rates, modes, and degrees of slaking of spoil
materials encount ered at t he mine site . At Site
A, the green mudstone was ident ified as t he major
s lakable 1 ithotype, disintegrat ing to its con­
s t it uent g rain s ize in less t han five years .
Mining personnel at Sites B and C indicat ed that
the massive siltst ones broke into  small chips
within about five years . Localized slaking of
weathered sandst one to const ituent grain size
was reported to occur within t en years at Site C .

Personnel at Site D indicated that gray mudstone
was the prevalent slakable lithotype, disinte­
grat ing to its const ituent part icle size within
t wo t o  three years . The red-green muds tone was
also reported to disintegrat e within six months .

• Environmental effects of slaking . Mining person­
nel at all s t udy sites ident ified surficial
e rosion and sedimen t at ion as t he mos t common
environmental effects of slaking . Personnel at
Sites A and D also included shallow s 1 ips and
small slides .

• Cont rol measures ut ilized to  alleviate adverse
effect s  of slaking . At all sit es, sediment ­
cont rol st ruct ures and quick establishment of
vegetat ion were considered the most effect ive
measures for cont rolling slaking . Personnel at
Site D also felt that diversion ditches with rock
riprap cont ributed t o  sediment cont rol . None of
the sites visited segregated overburden mat erials
solely for the  purpose of isolat ing slakable
mat erials .
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Several people expressed concern that implementa­
t ion of approximate orig inal cont our requirements 
could cause accelerated erosion and spoil stabil­
it y problems in much of the Appalachian coal 
fields. 

• Mining t echniques including equipment, blasting
and spoil handling procedures, and t iming and
sequence of operat ions (Chapt er 6 , 0) ,

• Geologic features including lithologic charac­
t eristics, faults or joint s, groundwater infor­
mat ion, highwall stability problems, and other
related features (Chapt er 6.0).

• Final reclamation pr act ices including soil and
fer t ilizer amendments, erosion and s t ability
control measures, water control and treatment
t echniques, and seeding and plan t ing me t hods
(Chapt er 6. 0).

Telephone interviews were conducted with local regulat ory personnel 
and other government agency personnel familiar with each study site and 
mining charact eristics of the area. Informat ion collect ed from these 
sources included: 

• Similarit ies and differences of the study site
compared to other mines in the area , Regulatory
and government personnel generally indicated that
the study sites were typical of other mines in
the area with respect to  mining t echniques and
geologic charact erist ics. Site C was described
as being larger in areal ext en t ,  durat ion of
ope rat ions, and coal product ion than most mines
in the area. Nearly al 1 regulatory and govern­
ment personnel suggested that the mining company
at the st udy site in quest ion performed above
average, and in some cases, excellent reclamation
work. 

• The exist ence and significance of slaking and
associated environmental effects on the mine site
and in the st udy area. Slaking was described as
an existent problem on the study sites and other
mines in t he surrounding areas. However, they
felt that it did not cause major adverse effects. 
Other parameters such as proper disposal of acid
spoil were regarded as a more critical priority. 
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• Suggest ions for improved control of uncles irable
effects of slaking. Regulatory and government
personnel consistently identified improved sedi­
ment and erosion control as the best means of
controlling slaking effects. Contemporaneous
reclamation was cited by one individual to reduce
exposure time, and one individual suggested that
fines or  cessation of operation o r de rs would
p rovide greater incentive to cont rol adve rse
effects.

The information supplied through these interviews was used to sup­
plement on-site observations, formulate conclusions and recommendations, 
and extrapolate the results of the field and laboratory programs to a 
regional analysis. 
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6.0 SITE CONDITIONS 

As discussed earlier, material properties in conjunction with min­
ing and rec lamation techniques tend to control the rate and magnitude of 
slaking. However, to accurately assess these phenomena, the geologic 
and mining variables must be suppl emented with other parameters. Physi­
ography, climate, and previous mining history are such parameters. 

While physiography is a prime factor in determining mining methods 
and can influence the selection of rec lamation procedures, climatic con­
ditions, particularly temperature and precipitation, provide the various 
environmental stresses that impact s laking rates. Previous mining his­
tory can require modified mining and reclamation methods with attendant 
effects on slaking. 

Although the conditions outl ined be low are general ly site-specific, 
an attempt was made during the site visits to regionalize the various 
parameters. As mentioned in Chapter 5. O, sites were selected to gain 
representative and spatia l ly distributed locations so that data extrapo­
lation throughout the eastern and centra l coa l basins might be possible. 

6. 1 SITE A

Site A is located in southwestern Pennsyl vania in the physiographic 
province known as the Appa lachian P lateaus. It is characterized by low 
rol ling hil ls with elevations of approximately 1, 000 to 1, 200 feet (300 
to 365 meters ).  Slopes on undisturbed areas average approximately  20 
percent, and range in length from 200 to 600 feet (60 to 180 meters ). 
Col luvial deposits are common on foot s lopes and in drainageways, indic­
ative of weathering and slaking processes in unmined areas. Spoils 
mined under the Office of Surface Mining and Reclamation (OSM ) regu la­
tions are reclaimed to approximate the premining topography. 

The study area has a typica l continenta l climate with cold winters 
and warm humid summers. Yearly precipitation averages 35 inches (89 
centimeters ) (U. S. Department of Commerce, NOAA, 1961-1974 ) and is we l l  
distributed throughout the year. Occasional ly, high intensity rains 
occur in the summer while spring and fa l l  are characterized by gentle, 
low intensity rains and most winter precipitation occurs as snow. The 
average temperature is approximately 13 degrees Ce lsius with extremes 
ranging from approximately -25 to 40  degrees Ce lsius. 

The study area has a long history of coa l production, having been 
both underground and surface mined. Underground mining by the room-and­
pil lar method with approximately 50  percent recovery was conducted on 
the site during a period between 1920 to 1935. Crop coa l was surface 
mined on the site from about 1925 to 1945 with no attempts made to re­
claim mined areas. The site was then abandoned until 1969 when the pre­
sent company began operations. Current operations have eliminated many 
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point sources of acid mine drainage emanating from the abandoned under­
ground workings, reclaimed previously disturbed surface areas, and maxi­
mized coal recovery at this site. 

6.1.1 Geologic Conditions 

The Pittsburgh coal, which is the target seam at Site A, is the 
basal member of the Monongahela Group of the upper Pennsylvanian System 
(Table 3. 7). The associated overburden lithologies are among the young­
er rocks of the eastern coal measures and contain a high percentage of 
argillaceous materials. 

Typical overburden thickness at this site is approximately 100 feet 
(30 meters), but, depending upon variations in original sedimentation 
and subsequent erosion, may be as th in as 70 feet (20 meters) or as 
great as 160 feet (S O meters). Five major 1 ithologies were recognized 
and their properties are summarized in Table 6.1. A generalized strati­
graphic column for the site is shown in Figure 6-1 . Lithologies and 
unit thicknesses were observed in the rock core and exposed highwalls to 
be laterally consistent over the mine site, and the entire section dips 
two to three degrees to the northwest. Although no major folds, faults, 
or fractures were observed, localized fractures and faults were common 
in some lithologies; mudstones recovered in the core drilling program 
were badly fractured due to low strength characteristics. Throughout 
the argillaceous units, slickensides were present, wh ich is indicative 
of past movement. The limestone unit was also fractured and, in some 
instances, fracture faces were coated with iron oxides. Most observed 
fractures in the rock core and highwall appeared to be of recent or1g1n 
and were likely induced by blasting in the immediate vicinity. 

Water was not encountered during the core drilling program ; how­
ever, water was observed seeping from the P ittsburgh coal seam into the 
working pit. 

6.1 .2 Mining Technology and Spoil Handling 

Site A is a single seam, area mining operation covering a total of 
700 acres. Current surface mining operations began in 1969 with approx­
imately 70 acres mined each year. The size of this site and duration of 
mining are typical of area mining operations in this region of the east­
ern coal fields. 

The entire overburden above the Pittsburgh coal is drilled and shot 
in one lift and the spoil is moved by a Page 7-40 dragline with a 27 cu­
bic yard (21  cubic meter) capacity bucket. Spoil is deposited in ridges 
parallel to the active pit with the piles approximately 120 feet (35 
meters) high and several hundred feet wide at the base. Due to the pre­
sence of two working pits, irregular permit boundaries and unreclaimed 
spoil from previous mining, some spoil is double- or triple-handled by 
the drag line . Th is extra handling may significantly increase material 
breakdown at the site and is rather atypical of most area mining opera­
tions, where single handling by the dragline usually occurs. 
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TABLE 6 . 1  

SITE A :  SUMMARY OF LITHOLOGIC PROPERTIES 

LITHOTYPE MODE OF PERCENT OF BEDDING RQD (3) 
SLAKING (! ) OVERBURDEN(2) 

Green Chip , slake to 40  Massive Very poor 
mudstone constituent 

grain size 

Gray shale Chip 30 Indistinct ,  Fair 
parallel planes ,  
spaced approxi-
mately 0 . 5  inch 
(1. 3 centimeters) 

Gray Slab 10 Massive Good 
limestone 

Black shale Chip 10 Indistinct ,  Fair 
parallel planes , 
spaced approxi-
mately 0 . 5 inch 
(1 . 3  centimeters) 

Brown Slab 10 Massive , occa- Fair 
sandstone sional indistinct ,  

parallel planes , 
spaced approxi-
mately 3 inches 
(8 centimeters) 

(l )Modes of slaking are defined in Section 9 . 1 . 1 .
( 2 )  · . b . 1 . Percent composition ased on visua estimates of highwall and rock core . 
(3) RQD = Rock Quality Designation (Section 7 . 1 . 2) .

ADDITIONAL 
FEATURES 

Calcareous 

None 

None 

Carbonaceous 

Fine grained , 
micaceous 



DEPTH GROUP RQD( I )  GR A PHIC 
LOG  DESCR IPT I ON 

SO I L  ( CLAY LOAM ) 
( F E ETI (METERS) 
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WEATHERED BROWN F INE  G R A I NED MASS IVE 
M I CACEOUS SANDSTONE 

WEATHER ED DARK  BROWN SHALE 

G RAY CALCAREOUS S HALE 

GREE N I SH GRAY TO L I GHT  GRAY 
MA SS IVE L I MESTONE 

GREEN MASS I VE CALCAR EOUS MLOSTONE 

GRAY SHALE WITH I NTERBEDS OF GRAY 
MASSIVE M ICACEOUS SANDSTONE 

DA R K  GRAY lO BLACK TH I N  BEDDED 
CARBONAC EOUS S HALE 

P ITTSBURGH COAL 

( I )  AVERAGE VAL U E. PER L I T H OLOG I C  U N I T  
{2) VALUES NOT TA BU LAT E D  B E CAUSE I NTERVAL WAS N OT CORED. 

G E NERAL IZED STRATIGRAPH IC  COLUMN

S ITE  A 
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Spoil ridges are graded to wide flat ridgetops and long side slopes 
using D-9 bulldozers with blades 18 to 21 feet (5.5 to 6.4 meters) wide , 
Graded ridgetops are from 200 to 500 feet (60 to 150 meters) wide and as 
much as one mile (1.6 kilometers) long with final slopes less than five 
percent. Graded side slopes are approximately 500 feet (150 meters) 
long with gradients of five to 25 percent , Grading steep spoil ridges 
to wide ridgetops and gentle side slopes requires extensive spoil manip­
ulation by bulldozers ; consequently, some spoil areas are subjected to 
impact by heavy equipment several times. 

6.1.3 Reclamation Techniques 

Reclamation techniques employed at Site A have changed during the 
past ten years due to changing laws and regulations and improved recla­
mation technology , These changes have resulted in increased grading, 
surface treatments, and manipulation of younger spoils. The implementa­
tion of OSM regulations has resulted in the practice of topsoil applica­
tion on the most recent spoils. 

Ten-year spoil received limited grading with little or no segrega­
tion of materials. No disking, dragging, or similar seedbed preparation 
was performed prior to planting of a grass-legume mixture. A sediment 
pond was constructed on this spoil and is still functioning as designed. 
Erosion and sediment production are not excessive and slope stability or 
other adverse environmental problems were not apparent. 

Five-year spoil was graded to a smooth level topography and covered 
with 6 to 12 inches (15 to 30 centimeters) of topsoil material derived 
from the native soil. The spoil was mulched, fertilized, and seeded 
with a grass-legume mixtu re. Sediment control structures a r e  not 
present in this area and some erosion of the topsoil has taken place. 
Gulleys, which had eroded through the topsoil, are U-shaped indicating 
that the underlying spoil is relatively more resistant to erosion. 
Slope stability or other adverse environmental problems were not ob­
served in this area. 

Two-year and fresh spoil are graded to a smooth level topography. 
Spoils subject to OSM regulations are covered with approximately one­
foot-thick (30 centimeters) 1 ifts of topsoil applied with Caterpillar 
637 scrapers. Steeper areas are dragged with chains and mulched with 
hay to prepare the seedbed and control erosion. Fertilizer is applied 
as needed and the spoils are hydroseeded with a grass-legume mixture. A 
water treatment facility in the fresh spoil area was constructed to 
control acid mine drainage emanating from the abandoned underground 
workings. Fragments of blasted limestone are segregated during spoil 
excavation and used to treat the drainage before it is released into 
natural streams off site. Occasional small surficial slumps of fresh 
ungraded spoil were observed, but no evidence of massive spoil movement 
or other adverse environmental effects of slaking were encountered. 
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6. 2 SITE B

Site B is located in north central Alabama and lies in the extreme 
southern portion of the Appalachian Plateaus. The site is characterized 
by low rolling hills at elevations of approximately 300 to 500 feet (90 
to 150 meters ). Slopes on undisturbed areas average 25 percent, and 
range from 1 00 to 400 feet (30 to 120 meters ) in length. Spoils mined 
unde r OSM regulations are reclaimed to approximate the p remining 
topography. 

The study area has a warm climate with mild wet winters and hot 
humid summers. Precipitation averages approximately SO  inches (130 cen­
timeters ) annually (U. S. Department of Commerce, NOAA) and is well dis­
tributed throughout the year. High intensity rainstorms are common in 
the summer and occasionally occur in the spring and fall also. Winter 
precipitation occurs as rain or snow. The average temperature is ap­
proximately 18 degrees Celsius with extremes ranging from -20 to in 
excess of 40 degrees Celsius. 

Coal has been surface mined on the site since the early 1960 ' s  by 
area mining techniques. Early product ion was restricted to locations 
where the overburden was relatively thin, while more recent mining has 
taken place in areas of thicker overburden. Reclamation on spoils older 
than five years was variable in terms of level of effort, treatment 
techniques, and the time period from initial excavation to final recla­
mation. The company currently on the site took over mining and reclama­
tion operations in 1974. 

6. 2. 1 Geologic Conditions

The Mary Lee and Newcastle coals, which are the target seams at 
this site, are members of the New River Stage, C Interval of the Potts­
ville Formation in the lower Pennsylvanian System of the eastern coal 
measures (Table 3. 4 ). The associated overburden and interburden consist 
almost entirely of massive siltstone and are approximately 100 feet (30 
meters ) thick. This value, however, varies from as little as 30 to a s
much as 150 feet ( 10  to 45 meters). The properties of the principal 
lithology are summarized in Table 6. 2 with the associated stratigraphic 
column shown in Figure 6-2. Li tho logic composition was found to be 
laterally consistent based on rock core and highwall observations over 
the mine site, with the entire section dipping three to four degrees to 
the east. No major faults, folds, or fractures were observed ;  however, 
blasting-induced fractures were present in the exposed highwall. 

Water was not encountered during core drilling operations, but 
water was observed to be seeping into the pit from the Mary Lee coal 
seam. 

6. 2. 2  Mining Technology and Spoil Handling

Site B is a two seam, area mining operation covering approximately 
600 total acres with SO acres mined annually. The size of this site and 
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TABLE 6 . 2 
SITE B :  SUMMARY O F  LITHOLOGIC PROPERTIES 

LITHOTYPE MODE OF PERCENT OF BEDDING RQD (3) 
SLAKING(! ) OVERBURDEN ( 2) 

Gray Chip :::100  Massive Excel lent 
siltstone 

(l)Modes of slaking are defined in Section 9 . 1 . 1 .
(2) . . b d . 1 . f Percent composition ase on visua estimates o highwal l  and rock core .
(3)RQD = Rock Quality Designation (Section 7 . 1 . 2) .

ADDITIONAL 
FEATURES 

Micaceous 
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duration of operations, wh ich began in the early 1960's, are typical of 
area mining operations in this region of the eastern coal fields. 

The entire overburden above the Newcastle coal is drilled and shot 
in one lift and blasting patterns are designed to blow as much spoil as 
possible into the active pit with the remaining spoil being pushed into 
the pit by endloaders and bulldozers . The spoil is moved by a Page 7-32 
d ragline with a 21 cubic yard (16 cubic meters) capacity bucket and 
placed in ridges parallel to the active pit . Spoil piles are approxi­
mately 80  feet (25 meters) high and several hundred feet wide at the 
base with very steep side slopes . After the Newcastle coal has been 
removed by endloaders and trucks, the remaining interburden to the Mary 
Lee coal is drilled and shot in one lift and the spoil removed by the 
dragline. Spoil is handled only once by the dragline as is typical of 
most area mining operations . 

Spoil ridges are graded to a low rolling topography with a maximum 
relief of about 40  feet (12 meters) using D-9 bulldozers. Slopes are 
generally less than 15 0 feet (4 5 meters) in length with gradients of 
zero to 20 percent , Spoils under current OSM regulations are graded to 
slightly steeper relief to approximate premining topography . 

6. 2. 3 Reclamation Techniques

Reclamation techniques at Site B have become more intensive during 
the past ten years due to changing laws and technology, and increased 
interest in postmining land use. Ten-year spoil, located in the valley 
bottom, was graded to a smooth, level topography . The natural stream 
drainage was rerouted and now flows through the final cut which was left 
open, The graded spoil was seeded with a grass-legume mixture and is 
cur rently used for hay, pastureland, and wildlife cove r .  This agricul­
tural land use, however, is not typical of most ten-year-old spoils in 
the area. Reclamation activities at that time generally consisted of 
little or no grading, leaving spoils with steep side slopes. The usual 
vegetation technique consisted of planting locally adapted conifers, 
usually loblolly pine. At Site B no erosion or slope stability problems 
were apparent on the ten-year spoil . The rerouted stream effectively 
controls water runoff and the water which has a near neutral pH is clear 
indicating low sediment loads . 

The area containing five-year spoil was graded to a rolling topog­
raphy with short slopes. It exhibited a pebble pavement cover of nearly 
100 percent, which is effective in controlling runoff and erosion , The 
spoil was originally disked to a depth of approximately six inches with 
the disk marks fol lowing the contour .  Fertilizer was then applied as 
needed and the area seeded with a mixtu re of grasses and legumes , 

The two-year-old spoil was similarly graded with the pebble pave­
ment covering approximately 80  percent of the surface. It also effec­
tively controls erosion , The spoil was fertilized as needed and seeded 
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with a grass-legume mixture and a grain cover crop. In neither spoil 
area were slope stability prob lems, excessive erosion, or other adverse 
environmental effects of s laking observed. 

The fresh spoil is graded to a rol ling topography and covered with 
approximately two feet (0. 6 meter) of topsoil derived from the native 
soil. Topsoil is dumped from 35-ton-capacity trucks and spread with 
bul ldozers. The topsoiled spoil is then fertilized, mulched with hay, 
and seeded with a mixture of grasses and legumes. The topsoil, even 
though protected by  mulch, appeared to be more erosive than the spoil 
materials. Other than topsoil erosion, however, adverse effects were 
not observed. 

Reclamation activities on spoils o lder than five years were often 
not completed for a period of two years or longer fol lowing initial ex­
cavation. Reclamation of fresh spoils, however, is kept concurrent with 
mining with on ly one ridge of spoil present immediately  adjacent to the 
active pit at any time. On these fresh spoil areas final reclamation is 
usua l ly complete within six months of initial excavation. 

6. 3 SITE C

Site C is located in southeast Kentucky on the western edge of the 
Appa lachian P lateaus. The site is characterized by  very steep hil ls at 
e levations of approximately  1, 000 to 1, 4 00 feet (300 to 425 meters). 
S lopes on undisturbed areas are often in excess of 50 percent and are 
500 to 1, 000 feet (150 to 300 meters) in length. 

The study area has a humid continental climate with cold winters 
and warm summers. Yearl y  precipitation averages 45 inches (114 centime­
ters) and is we l l  distributed throughout the year (U. S. Department of 
Commerce, NOAA, 1940-1978). Occasional ly high intensity rainstorms 
occur in the summer while spring and fal l  are characterized by gentle  
rains. Most winter precipitation occurs as snow. The average annual  
temperature is approximately  15 degrees Ce lsius. 

The study r egion has histo rica l l y b een a major coa l producer. 
Mining began on the site in 1969. Older spoils were mined by modified 
haul back methods with spoil placed in sma l l  head-of-hol low fil ls or 
stacked on the outslope. More recent spoils have been mined by moun­
taintop removal methods in conjunct ion with va l ley and head-of-hol low 
fil ls. 

6 . 3. 1  Geologic Conditions 

A number of coa l seams and associated riders are mined at the site. 
The Princess Sub 5 to Princess 8 coa ls are in the uppermost portions of 
the Breathitt Group while  the Princess 9 coa l is the basa l member of the 
Conemaugh G roup (Tab le 3. 5). The associated overburden and interburden 
consist primarily  of sandstone and siltstone, with the former predomi­
nating. 

68 



Total thickness of overburden and interburden at this site is ap­
proximately 220 feet (65 meters). The Princess Sub 5, SA, 7, and 9 
coals are mined at this site as well as various rider coals where they 
thicken locally. The characteristics of the principal lithologies pre­
sent in the spoil, overburden, and interburden are summarized in Table 
6. 3. Spoils derived from the intercalated sandstone/siltstone units
associated primarily with the Princess SA and Princess Sub 5 interburden
were deeply buried and not accessible for observations. A generalized
stratigraphic column is presented in Figure 6-3. Major lithologic units
were observed to be laterally consistent based on rock core and highwall
observations with the sect ion dipping gently to the east. No major
folds, faults, or fractures were observed; however, blasting-induced
fractures were present in the siltstone units and small fractures were
present in the weathered sandstone units.

Water was not encountered in the core dr i 11 ing operation, nor was 
any water observed in the working pits. However, mining personnel did 
report that water frequently seeps into the working pit from the Prin­
cess SA coal. 

6 , 3. 2  Mining Technology and Spoil Handling 

Site C is a multiple seam, mountaintop removal mining operation 
covering approximately 300 acres. Mining began in 1969 and about 150 
acres are currently being mined or have valley or head-of-hollow fills 
under construction. The size of the site and duration of operations are 
typical of mountaintop removal operations in this region. Each interval 
over or between coal seams is drilled and shot as a separate lift. 
Spoil is loaded either by a Bucyrus Erie B-280 shovel or by endloaders 
into trucks of 5 0- to 80-ton capacity. Spoil is transported distances 
of one quarter to one mile (0. 4 to 1 . 6  kilometers) and dumped in four­
foot ( 1. 2-meter) 1 i fts. Dumped spoil is partially compacted and graded 
to a smooth, nearly level slope by D-9 bulldozers. Complete construc­
tion and reclamation of valley or head-of-hollow fills requires from two 
to five years depending on the size of the fill area. 

6. 3. 3 Reclamation Techniques

Reclama tion procedures a t  Si te C have evolved concurrent with 
changes in mining methods and laws and regulations. Ten- and five-year­
old spoils consist of small head-of-hollow fills and wide flat benches. 
They are usually on slopes of less than ten percent and are 200 to 5 00 
feet (60 to 150 meters) wide. Outslopes are very steep, generally in 
excess of SO percent, and are from 100 to 400 feet (30 to 1 20 meters) in 
length. When final grading by bulldozers was completed, the spoils were 
seeded with a mixture of grasses and legumes. A pebble pavement covers 
approximately 70 percent of the surface on the five- and ten-year spoils 
and, in conjunct ion with a dense stand of vegetation, appeared to be 
effective in controlling erosion. Slope stability problems or other 
adverse environmental effects were not observed on these spoils. 
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TABLE 6 . 3  
SITE C :  SUMMARY OF  LITHOLOGIC PROPERTIES 

LITHOTYPE MODE OF PERCENT OF BEDDING RQD(3) 
SLAl(lNG (l) OVERBURDEN(2) 

Brown Slab or block 10 Massive Fair 
sandstone 

White to Slab or block so Massive Good to 
light gray excellent 
sandstone 

Siltstone Chip 20 Massive Good 

Intercalated N . O. (4 ) 20 Parallel beds , Fair to 
sandstone/ spaced 0.5 - 5.0 good 
siltstone inches ( 1 .  3 -

12 . 7  centimeters)

(l )Modes of slaking are defined in Section 9.1.1.
(2)

Percent composition based on visual estimates of highwall and rock core .
(3) RQD = Rock Quality Designation (Section 7.1.2).
( 4 )  . 1 · b . · 1  This ithotype not o served in spoi s.

ADDITIONAL 
FEATURES 

Micaceous ,  
occasional 
carbonaceous 
inter beds 

Occasional 
interbeds of 
carbonaceous 
materials 

Micaceous ,  
occasional 
interbeds of 
carbonaceous 
materials 
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Two-year spoil comprises a flat fil 1 area with the last cut of 
spoil left in a ridge about 30 feet (9 meters ) high and 150 feet (45 
meters ) wide parallel to the highwall. Spoil was fertilized as needed 
and seeded with a mixt ure of grasses and legumes. A pebble pavement is 
present and covers 90 to 100 percent of the surface of this spoil. 

Fresh spoil is located in head-of-hollow fills which are currently 
under const ruction , The dumped lifts are compacted and graded to  slopes 
of less than five percent, with very steep fill outslopes, When con­
st ruction is complete, these fill areas will be topsoiled with material 
derived from the native soil and seeded with a mixt ure of grasses and 
legumes , The mountaintop removal area, when completed, will be graded 
t o  a rolling plateau, topsoiled, and also seeded with a mixt ure of 
grasses and legumes. No major erosion or slope stability problems, nor 
adverse environmental effects of slaking, were observed at any of the 
spoil areas. 

6 , 4  SITE D 

Site D is located in north cent ral West Virginia on the Appalachian 
Plateaus , It is characterized by steep hills at elevat ions of approxi­
mately 1 , 100 to  1 , 500 feet (335 to 450 meters). Slopes on undist urbed 
areas average 30 percent and are 200 to 500 feet (60 to 1 50 meters)  in 
length, Colluvial deposits, springs, slips, and small landslides a re 
common on undisturbed terrain indicative of weathering and nat ural slak­
ing processes in this area , Spoils mined under OSM regulations are 
reclaimed to approximate the premining topography. 

The study area has a typical cont inental climate with cold winters 
and warm humid summers. Yearly precipitation averages approximately 42 
inches ( 107 centimeters) (U. S. Department of Commerce, NOAA, 1977-1978) 
and is well dist ribut ed throughout the year. Occasionally heavy rains 
occur in the summer while spring and fall are characterized by gentle, 
low-intensity rains. Most winter precipitation occurs as snow , The 
average temperat ure is J O  degrees Celsius with ext remes ranging from 
approximately -30 to 40 degrees Celsius , 

The study area has been underground mined; however, precise records 
of previous mining were not available , Current surface mining opera­
t ions began about 1969 . Initially partial or modified haulback methods 
were utilized while newer spoils have been placed by complete haulback 
techniques. Augering has been instituted in some areas to  increase coal 
recovery. Ongoing surface mining ope rat ions have alleviated several 
point sources of acid mine drainage emanating from the abandoned under­
ground workings. 

6 .4 . 1  Geologic Conditions 

The Pit tsburgh coal, which is the target seam at this site, is the 
basal member of the Monongahela Group of the upper Pennsylvanian System 
(Table 3.8).  The associat ed o verbu r den lit hologies a re among t he 
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younger rocks of the eastern c oal measures and contain a high percentage 
of argillaceous materials. 

Typical overburden thickness at this site is 150 feet ( 45 meters) 
but ranges from 120 to 200 feet ( 35 to 60 meters) .  Three major litholo­
gies are present in the overburden; their properties are summarized in 
Table 6.4. A generalized stratigraphic column is shown in Figure 6-4. 
Lithologies and unit thicknesses are laterally consistent throughout 
the site based on rock c ore and highwall observations with the exception 
of the limestone which is locally replaced by mudstone. Localized, 
massive, channel sandstones were also observed. The entire sect ion 
dips two to three degrees to the northwest. No major faults, folds, 
or fractures were observed; however, blasting-induced fractures are 
present in limestone and mudstone units. Slickensides are present in the 
mudstone units, indicative of past movement in this lithotype. Water 
was encountered during the drilling program at a depth of approximately 
150 feet (45 meters) and appeared to be associated with the limestone 
unit between the Redstone and Pittsburgh c oals. Some seepage associated 
with the Pittsburgh coal also was observed. 

6.4.2 Mining Technology and Spoil Handling 

Site D is a two seam, haul back ope rat ion covering approximately 
seven to eight linear miles (11 to 13 kilometers) since the inception of 
m ining. Active operations cover approximately 70 to 80 acres. The size 
of th is site and duration of mining are somewhat greater than typical 
haulback operations in this region. 

The Redstone overburden is drilled and shot in three lifts while 
the Redstone-Pittsburgh interburden is drilled and shot in two lifts. 
Spoil is loaded into SO-ton-capacity trucks by end loaders, hauled 
back to a previously mined area, and end dumped into the fill area. 
Spoil located in ac cess areas is subjected to constant heavy truck 
traffic which significantly influences the slaking process. Surficial 
spoil located in access areas appeared to be compacted to a depth of 
about six inches ( 15 centimeters) . Sandstone and 1 imestone fragments 
had apparently been crushed by truck traffic into particles typically 
smaller than about one inch (2. 5 centimeters) . Less traveled spoil 
areas c ontained sandstone and limestone fragments three to six inches 
(7.5 to 15 centimeters) in size. The spoil surface appeared to be less 
compacted in these areas also. Surficial spoil in heavy traffic areas 
contained few recognizable mudstone fragments; these materials had 
apparently been c rushed to their c onstituent partic le size. The 
resulting materials c onsisted of a fine powder when dry and a liquefied 
mud when wet. Heavy truck traffic evidently accelerates slaking by 
crushing, shearing, and mechanical abrasion of rock fragments. 

The dumped spoil is graded by D-9 bulldozers to smooth slopes, 200 
to 500 feet ( 60 to 1 50 meters) long. The gradients range from 20 to 35 
percent and the highwal 1 is completely covered. Two- and five-year 
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TABLE 6 . 4 
SITE D :  SUMMARY OF LITHOLOGIC PROPERTIES 

MODE OF PERCENT OF 
ADDITIONAL LITHOTYPE OVERBURDEN BEDDING RQD( 3) 

SLAKING(!) 
INTERBURDEN( 2) FEATURES 

Red-green Chip , slake to 10 Massive Very poor Calcareous 
mudstone constituent to poor 

grain size 

Gray Slab 10 Massive Good None 
limestone 

Gray to Ch ip , slake to 65 Mass ive Fair to Occasionally 
green constituent good calcareous 
mudstone grain size 

Whit e to Slab or block 15 Massive Good None 
light gray 
sandstone 

( ! )Modes of slaking are defined in Section 9.1.1. 
(2) · · . 1 . 

f h .  1 1  d k R . . Percent composition based on visua estimates o ighwa an roe core. ema in ing
10 percent of overburden consists of carbonaceous shale, sandstone , and soil.

( 3) RQD = Rock Quality Designation (Section 7.1.2).
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spoils were graded to a nearly level, wide bench with the uppermost 30 
feet (9 meters) of the highwall left exposed . Benches are 100 to 500 
feet (30 to 150 meters) wide with slopes of five percent or less, and 
the partially backfilled highwall area consists of slopes 100 to 200 
feet (30 to 60 meters) long and gradients of approximately 40 percent . 
Ten-year-old spoil was graded to a flat bench with excess spoil placed 
on the outslope and spoil from the last cut left in a low ridge parallel 
to the highwall . 

6 . 4 . 3  Reclamation Techniques

Reclamation techniques used at Site D have become more inten­
sive during the past ten years due to changing laws and technological 
improvements . Ten-year-old spoil received minimal grading after 
placement and was seeded with a mixture of grasses, legumes, and shrubs . 
Naturally invading woody species are also abundant on this age spoil . 
The spoil ridge parallel to the highwall appears to be effective 
in control ling erosion and mass wasting of the highwall . Stability 
problems in the form of shallow slips and failures were evident on the 
bench and outslope areas . These slope movements are initiated or 
accelerated by several natural springs which occur in the area . 

Several sediment ponds located in the valley appear to be effective 
in preventing excessive sediment loads from entering the natural drain­
ageway . A dense stand of vegetation in conj unction with a surface 
pebble pavement of limestone fragments helps control surficial erosion . 

Five-year spoil was graded to partially eliminate the highwal 1, 
leaving the upper 30 feet of highwall exposed . Excess spoil was dis­
posed of by extending the bench area . Bench width ranges from 100 to 
300 feet and the outslope was graded to blend with the existing natural 
slopes . The area was seeded with a mixture of grasses and legumes and 
some areas are used for hay production or pastureland . Small shallow 
slope failures are present on backfilled high wall areas and out slopes . 
Diversion ditches, approximately one foot (30 centimeters ) deep and cut 
on the contour, are present on the outslope and are used to channel 
runoff into sediment ponds. The sides of several ditches had failed or 
were eroding due to a relative lack of slake-resistant riprap in the 
ditches . Several natural seeps or springs are present and, where 
not controlled by drain pipes, were causing slips and gulley erosion . 
Sediment ponds appeared to e ffectively alleviate sedimentation of 
natural drainageways . A pebble pavement, consisting of sandstone and 
limestone fragments in conjunction with a dense stand of vegetation 
appears to control sheet erosion . 

Two-year spoil was graded to eliminate the highwall and approxi­
mate the original contour . The backfill is as much as 7 50 feet wide 
and steep ( approximately 50 percent slopes) near the final cut . The 
remainder of the backfill was graded to gentle slopes (approximately 15 
percent) similar to the natural bench which existed prior to mining . 
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The area was mulched with  hay and seeded with  a m ix t ur e  of grasses and 
leg umes . Slope s tab il i t y  problems were no t apparen t on t h is spo il wh ich 
may be d ue to a spo il base of massive sands tone . Surf ic ial erosion 
is cont rolled by a dense st and of vegetat ion and a pebble pavement 
consist ing pr imarily of limestone and some sand s tone fragment s .  

F r esh spo il i s  r eg r ad ed t o  complet ely cove r  t he h i g h wall and 
approx imate the prem i ning topograph ic cond i t ions . Consequently, t his 
spo il receives more ex tensive g rad ing, t hus alter ing t he slak ing process 
of t h is spo i l . F i nal r eclam a t i o n  was n o t  complete a t  t he t ime of 
sampling and observat ions ; however, plans call for t he spo il to be 
covered wi th approx imately one foot of topso il der ived from t he nat ive 
so il by d ump ing from trucks and g rad ing wi th bulldozers . The area 
will t hen be mulched wi th hay and seeded wi t h  a m ix t ure of grasses 
and legumes . Due to t he presence of t hree wo rk i ng p i t s  and seasonal 
factors, f i nal reclamat ion act iv i t ies are completed six mont hs to t wo 
years after init ial excavat ion . 
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7 . 0  PREVIOUSLY DEVELOPED SLAKING-RELATED CLASSIFICATIONS 
AND LABORATORY TECHNIQUES 

To develop an understanding of the slaking process as it relates to 
mine spoils, a comprehensive evaluation of existing data was undertaken. 
Because much of the previous work pertained to disciplines unrelated 
to mine spoil studies, the data were co l lectively examined so that 
relatable aspects of each could be included. For exampl e, many previous 
investigations into the deterioration of geologic materials have been 
associated with highway embankments (e.g., Deo, 1972; Laguros, 1972; 
Chapman, 1975; Strohm, 1978) with much emphasis having been placed upon 
simulating various compaction procedures. Because surface mining spoils 
are usual ly reclaimed with a minimum of compaction, this aspect had to 
be removed prior to the incorporation of these studies. A brief summary 
of the various cl assification and laboratory tests that have been 
specifical ly related to slaking processes and the major conclusions of 
these studies are discussed in the fol lowing sections. 

7.1 CLASSIFICATION 

A wide range of c lassification systems h as been util ized to 
describe geo l ogic m aterial s  with particu l ar reference to s l aking. 
These may be broadly categorized as either taxonomic or engineering 
(technica l)  systems. Taxonomic systems are designed to bring out 
inherent relationships between material properties while technical 
classification systems are general ly designed to serve some practical or 
applied purpose such as behavioral prediction. According ly, technical 
or engineering classification systems represent the majority and have 
provided the more useful  approaches for describing the sl aking of 
geologic materials. 

7.1.1 Taxonomic C lassification Systems 

The materials of interest in surface mining in the eastern and 
central United States and the most susceptible to slaking are pre­
dominantly sedimentary rocks. Because of the po lygenet ic nature of 
sedimentary materials, however, no universal ly acceptable classification 
has yet been establ ished. Several examp l es of this type inc l ud e  
the g eneralized c lassification o f  sedimentary rocks (Deo, 1972) , 
compositional and textural systems (Krumbein and Sloss, 1963) , and 
systems developed to isolate a particular class or type of material such 
as the classification of argil laceous materials developed by Gamble 
(1971). A lthough each of these systems has been used with some success, 
the major thrust of each has been to develop a verbal description of 
genesis and rock type, independent of potential behavior. 
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To alleviate this type of problem, nomenclature systems have been 
proposed in conjunction with various taxonomic systems to identify par­
ticular structural or behavioral characteristics . Such modifying terms 
as compaction or cemented, fissile or shaly, and massive, flaggy, or 
flaky are commonly used in the discussion of argillaceous materials . 

7 . 1 . 2 Engineering (Technical) Classification Systems 

Engineering classifications of geologic materials generally take 
the form of either a quality grouping or a specific set of index test 
results which are empirically correlated with material behavior . Qual­
ity groupings are often subjective and closely associated with a specif­
ic type of engineering problem; for example, a material considered to be 
durable for one purpose may be considered weak for another . Index test 
classifications are generally the most objective and are usually rela­
tively independent of specific design objectives . In many cases, qual­
ity groupings are based on the results of index tests interpreted for 
specific types of engineering problems . 

The engineering classification schemes that have been proposed are 
of two types: those based on a single parameter and those based on mul­
tiple indices . The first type is, of course, the simplest . It is a 
subjective quality grouping based on a single index test parameter, such 
as the slake durability index, Id (e . g . ,  Chandra, 1970; Gamble, 1971) . 
The second type may take several forms; it may be a matrix-type classi­
fication based on two index test parameters (e . g . ,  Eigenbrod, 1972; Gam­
ble, 1971) , a multiple factor ranking system (e . g . ,  Reidenouer, et al . ,  
1974, 1976) , o r  a flow chart-type system involving one or more tests 
(e . g . ,  Deo, 1972; Eigenbrod, 1972; Strohm, et al . ,  1978) . 

Single Index Classifications 

Chandra (1970) proposed a tentative slake durability classification 
based on a ranking of the single-cycle slake durability index (Id, de­
fined in Section 9 .  2 . 1) .  Subsequently, Gamble (1971) proposed a some­
what different classification based on a two-cycle slake durability in­
dex . The classification boundaries defined in Figure 7-1, were designed 
to extend the classification, particularly in the low durability ranges . 
After reviewing Gamble's work, Franklin and Chandra (1972) favored his 
system over their own and presently the two-cycle classification model 
is widely accepted ( International Society of Rock Mechanics, 1 979) . 

As one component of a more comprehensive classification system, Deo 
(1972) proposed an alternate grouping based on a modified sodium sulfate 
soundness index (Is) .  This classification follows: 

• Soil-like shales: Is = 0 to 70 percent
• lntermediate-2 shales: Is = 70 to 90 percent
• Intermediate- 1 shales :  Is = 90 to 98 percent
• R o ck- like shales: I s = 9 8  to 1 0 0  p e r cent
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Noble ( 1977 ) proposed a similar system based upon th e same index . 
Both of these c lassif ications were des igned to assist in material 
evaluation for embankment construction . 

Multiple Index Classifications 

Gamble ( 197 1) recognized that plasticity has perhaps equal impor­
tance to slake durability properties in determining engineering behavior 
of geologic materials . He noted evidence of correlation betwe en l iquid 
limit or plast icity index and residual shear strength and swelling 
potential . The latter two properties may have great significance, 
particularly fo I lowing dis integration of rock materials . Therefore, 
Gamble 097 1) proposed a matrix classification system based on a two­
cycle slaking durability and plasticity index, as illustrated in Figure 
7-2 . This type of classification may be useful because it is possible
that m e d ium durab ilit y- h igh plast icity mate rials can pose gre ate r
engineering problems than low durabil ity-low plasticity materials . He
suggested use of h is classification terms as modifiers along with the
geologic classification of the material ( e . g . , riledium durability-low
plasticity silty shale) .

Eigenbrod ( 1972) developed another matrix classification which 
was subsequently modified by Morgenstern and Eigenbrod ( 1974) and is 
presented in Figure 7 -3 . Th is scheme is based on index parameters 
different from those used by Gamble ( 197 1), i . e . , the liquid limit 
( wL) and the rate of change of liquidity index following immersion of 
an oven-dried sample .  Eigenbrod ( 1972) observed a high correlation 
betwe en the amount of slaking experienced by a material during cycl ic 
wetting and drying and its liquid limit as follows: 

• V ery low slaking: WL less than 20 percent; only
slight disintegration and opening of fissures can
be observ ed .

• Low slaking: WL ranges from 20 percent to 50
percent; the materials generally disintegrate
into a granular discontinuous mass .

• Medium slaking: wL ranges from 5 0  percent to 90
percent; the materials disintegrate into a medium
soft c lay but often do not lose a granul ar
structure .

• High slaking: wL ranges from 90 percent to 140
percent; the materials disintegrate into a soft
clay of homogene ous materials .

• Very h igh slaking: wL greater than 140 percent;
mat er ial s may qu ic k l y  l o s e  t h e ir o r ig in a l
structure .
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Al t hough t h e s e  c orr e l a t ions a r e  t en t a t iv e ,  b e i ng b ased e xc l u s iv e l y  
on E ig enb r od ' s ( 1 9 7 2 ) t e s t ed mater i a l s ,  t here  i s  l og i c  t o  t h e  ab ov e 
c or r e l at ion ; l i qu i d  1 im i t s  are s t r ong ly i n f l uenced b y  c l ay m i ne r a l ogy 
( S e ed , et  al . ,  1 9 6 4 ) wi th h igh values  g ener al l y  b e ing ind i c at iv e  o f  
s i g n i f i c a n t  c o n t e n t s o f  h i g h l y  a c t iv e  c l a y m i n e r a l s .  C h a p t e r  2 . 0 
s ugge s t ed that  th e s e  c l ay m i ne r a l s  · ( e . g . , .  montmo r i l l o n i t e )  may have 
a s t r ong in f l u e nc e  on s ev e r a l  impo r t an t  mechan i sms . One sour c e  o f  
p o t e n t i a l  p r o b l em s  wi t h  t h i s  a p p r o ac h  i s  t h a t  s am p l e p r e p a r a t i o n  
t e chn i que s ,  such  a s  d r y i ng and d i s ag gr eg a t io n  me t hod s , may h av e  a s trong 
i n f l ue nc e  on l iquid l im i t  va l u e s  o b t a ined . T o  ove r c ome th i s  l im i t at i on ,  
Hud ec ( 1 9 7 8 )  s ug g e s ted that  the r a t e  o f  wa t e r  c ont ent c h ange u s ed t o  
ind i c a t e  the  d egree  o f  b r e akd own b e  b ased o n  a more r e ad i ly d e t e rm ined 
parame t e r  u s in g  s ev e r a l  we t t ing and drying c yc l e s  and v ar iou s  d ry i ng 
t empe r a t ur e s . 

Mul t i p l e  fac t o r  r anking c l  a s s  i f i c at i on s  h av e  b e e n  d ev e l oped to 
id en t i f y s l ak i ng po t en t ial  ( Re id enoue r , et  a l . ,  1 9 74 ,  1 9 7 6 ; Co t t i s s , e t  
al . ,  1 9 7 1 a ,  1 9 7 1b )  u s i ng d iv e r s e  g r ou p ings  o f  f i e l d  and l ab o r atory  
t e s t  i nd i c a t or s .  These  sys t ems are b a sed on we igh t i ng f ac t o r s  wi th  t e s t  
r e s u l t s  p r ov id ing an i ndex o r  sc ore that c an b e  r e l a ted t o  s l aking . The 
maj o r  d i sadvantages  o f  these mode l s ,  howev e r , are t h e  need t o  p e r form 
seve r a l  t ime c o n s uming and o f t e n  c os t l y  t e s t s  t o  d ev e l op a sc ore or  
ind ex v a l ue , and  the  d i f f i c u l t y  a s soc i a t ed wi th  corr e l a t ing i nd ex v a l u e s  
from s i t e  t o  s i t e . 

To e l im i n a t e  the need t o  po t en t ia l l y  run a s ing l e  ma t er i a l  t hrough 
sev e r a l  ser i e s  o f  t es t s ,  seve ral  f l ow p a th o r  f l ow char t c l a s s i f i c a t i o n  
sc heme s hav e  b een d ev i sed ( Morgen s t e r n  and E igenbrod , 19  74 ; Deo , 1 9 7 2 ; 
S t rohm , e t  a l . ,  1 9 7 8 ) . Morgens t e rn and E ig e nb r od ( 1 9 74 )  propo sed a 
c l a s s i f ic a t ion s ys t em for arg i l l ac e ou s  ma t e r i a l s b a s ed on und r a i ne d  
s h e ar s t re ng t h  ( cu ) and r at e  o f  s t re ng t h  l os s  dur ing s a t ur at ion and
so f t en ing ( F igure 7 -3 ) .  A s e r ie s  o f  s t and ard c ompr e s s i o n  t e s t s  and 
wa t e r  c on t en t  d e t e rm i na t i ons  we re pe r fo rmed pr ior t o , and at v ar ious 
t ime i n t e rv a l s dur ing s ampl e immer s ion un t i l a ful l y  s o f t ened s t r eng t h  
wa s o b t ained . 

Deo ( 1 9 7 2 ) pr oposed a fl ow c h ar t c l a s s i f i c a t io n  s ys t em ,  i l l u s t r at ed 
in F i gur e 7 -4 , wh i ch prov id e s  sev e r a l  a l t e rnat iv e s  f o r  te s t i ng and 
c l a s s i f i c at ion s y s t em d e s ign . Th e s y s t em h a s  the advan t ag e  o f  s howi ng 
re l a t ionsh i ps among the v a r io u s  te s t s  wh i l e  pr ov id ing c l a s s i f i c at ion 
b o und a r i e s  for each t e s t  t ype . 

S t rohm , e t  a l . ( 1 9 7 8 )  mod i f i ed De o ' s 0 9 7 2 ) f l ow c h a r t  concep t ,
incorporat i ng c e r t a in a s pe c t s  o f  b o t h  Gamb l e ' s ( 1 9 7 1 )  and Mor g e n s t ern
and E igenbrod ' s ( 19 74 ) c l a s s i  f ie at  i on sys t ems , and ad d ing t h e  c o nc e p t
o f  v i s ua l  d e s c r i p t io n . The i r  c l as s i f i c a t io n  s ys t em ,  i l l us t r at ed i n
F igure 7 - 5 , added an apparen t l y  n e w  c on c e p t  t o  t h e  two- eye l e  s l ake
d ur ab i l i t y  t e s t  r e c ommend ed b y  Gamb l e  ( 1 9 7 1 )  and Fr ank l in and Ch and r a
( 1 9 7 2 ) ; t h a t i s ,  v i s u a l  and " h and - d u r ab i l i t y" d e s c r i p t i o n s  o f  t h e
mat e r i al r e t a ined i n  t h e  s l ak i ng c h amb er .
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I ARG I LL ACEOU S  MAT E R IALS 

UN I AX I A L  COM P R E S S I O N  T E S T  IUND I S T UR B E D ,  NATURA L WAT ER CONTE NT 

AVE RAGE UNDRA IN E D  SHE AR ST R E N GT H 
Cuo < 2 50 p s i  

l 
C L AY 

i 

I UNIAX IAL COM P RESS I ON SOF T E N I N G  T E S T  I ( TO F U L LY SOF T E N E D  ST R E N G T H )  

l '
t 50 � I HOUR I HOUR < t 50 :S I DAY 

l l 
M E D I  U M  TO 
SO FT C L AY S T I F F  CLAY 

NOT E :  
t 50 IS T IME  O F  SOF TEN ING FOR 

LO SS OF 50 P E R C E N T  OF C uo . 

REFERENCE 

t 50 > I DAY 

HARD C L AY 

MORGENSTERN , N. R. AND K. D .  EIGENBROD , 1974 , 
"CLASSIFICATION OF ARGILLACEOUS SOILS AND ROCK , "  
JOURNAL OF THE GEOTECHNICAL ENGINEERING DIVISION, 
ASCE , VOL . 100 ,  NO. GT l O ,  PP . 1137-1 156 . 

l 
AVE RAG E D  UNDRA INED  SHEAR ST R ENGTH 

C uo > 2 50 p s i  

! 
MUDROCK 

! V I S UA L  CLASS I F I C AT I O N I

! '
MUDSTONE SHALE 

( NON - F I S  S I L E ) ( F I SS I L E ) 

t • 
FURT H E R  CLAS S I F I CAT I O N  BA S E D  
O N  P R E D O M I N A N T  G R A I N  S I Z E  
(e.g. S ILT S TO N E ,  C L AYS TONE , S I L  T Y  
S HA L E ,  CLAY SHA LE ) 

E N G I N E ER IN G  C LAS S I F I CATI O N  O F

A R G I LLACE O U S  MATER IALS 
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SLAK ING TEST IN 
WATER IN  ONE CYCL E 

SLAKES DOES NOT 
COMPLETELY SLAKE 

SLAKE DURABIL ITY TEST 
ON DRY SAMPL ES  

SLAKE  DURABIL ITY TEST 
ON SOAK E D  SAMPLES 

.__ __ ___. �C�OM!:!!JP!:.!,L::..5Ea.!_T.!::.!EL::.!J-------/['--------....J 

SO I L  L I KE  SHALES 

REFERENCE 

I NTERM E D IAT E -2 
SHALES  

I NTERMEDIAT E - I 
SHAL E S  

DEO , P . , 197 2 ,  "SHALES AS EMBANKMENT MATERIALS , 
FINAL REPORT , "  JHRP-72-4 5 , INDIANA STATE HIGHWAY 
COMMISS ION AND PURDUE UNIVERSITY , ENG INEERING 
EXPERIMENT STATION , JOINT HIGHWAY RESEARCH PROJECT , 
WEST LAFAYETTE , INDIANA , 202 PP . 

MODIFIED SOUNDNES S  
T EST 

ROCI< L I K E  SHAL E S  

DURAB I LITY CLA S S I F I CAT ION SYSTE M FO R SHALE E M BANKM ENTS 

S U GG ESTE D BY DEO 
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JAR- S L.AK! ITST SLAKE DURABI LITY TEST 

OVEN DRY SAMPLE SOAKED 2 TO 24 IIRS TWO CYCLES ON OVFN DRY SAMPLES 

r . l  
= I OR 2 • SOI L-LIKE ,  NONIJl!RABLE J D  

( 1 )  
TYPE OF RETA!NED ( 2 ) 

� 

SHALE 
I - DEGRADES I NTO P I LE OF _( PERCENT _RETAINED ) _ WET MA,IE_R_!Ah_ _ _  --�ASSIFICATION 

FLAKES OR MUD , ()()% T 2 ,  SOIL-LIKE , NON!ll'R1\HLE Tl 
2 - BREAKS RAP IDLY INTO MANY 

i'o 901, NONIH:](,\BLE 
FRAGMENTS OR CHIPS I t,o:·: TI S ,  TJ  SOIL- L I KE ,  

Tl ll , T2 INTERIIEDIATI: ( 3 ) HARV , 
3 TO 6 - SEE NOTE ( 2 )

I 
NONDURABLE 

t-, 
'/(),'., T l S ,  T l  SOIL-LIKE,  NONDURABLE 

SUPPLEMENTAL l TEST ( 4 )
Vl I "' Ti l l ,  '1'2 ROCk-LJKE,  DURABLE f-< 

"' 
I t-,

RATE OF SLAKING n:sr < I, 

I "' SI.AKE TEST c111:cK pll OF WATER AFTER OVEN DRY SAMPLE SOAKED 2 HRS ,\I S i l ,  
I TEST, FOR pll < 6 ,  CHECK FOR DETERMINE ATTERBERG L!X!TS < 

I 
ONE TO FI VE CYCLES OF OVEN DRY I NG AND r-- MINERALS THAT CAN CAUSE 

CIIANGE IN L IQU ! D!TY I NDEX, SOAK IN<: FOR 1 6  HR CHEMICAL DETERI ORATI ON 

I I ( I )  I s ( ] (JI) - I
IJ ) I 

L_.., 
s SHALE 

I ,\ IL - _P_I_ - Pl- (Pf.RCENT LOSS) ( 5 �  ----- Cl.ASS I F I  CATION _ 
-r f - PL 

I 
(w I - PL 

I 
•4U); 

] 

S IHILAI{ CRITERIA AS FOR ._� ... ATTERBERG LIMITS ON MATERIAL 
SLAKE-DURABI LITY TEST; PASS ING THROUGH NO , 10 S I EVE 6 I L RATE OF SLAKING 10% TO 40% t!ORE CORRELA'!' ION WITH .__ I CAN BE USED TO ESTIMATE RE-

<O, 7 5  SLOW 

0 . 7 5 to l . 25 FAST 

> 1 .  25  VERY FAST 

W i I N I T IAL L, S ITL \,',\'1'1:R cn:rn.;n

w
1 

= WATER CONTENT AFTER SOAK I NG 

,\w = (w1 - w1 ) ,  ID ; A - B ( ,\w) 

, 1 0/, I n  AND fillBANKMENT PER-
, ,FORNANCE f.XPERI ENCE 

REQUIRED 

S !DUAL STRENGTH 

( ! )D I FFERENT L IM ! T! NG VAI.L:ES MA\' BE Jl' STf f ! ED ON llA S I S  OF LOCAL EMBAN](}IENT PERFORMANCE EXPER I ENCE .
( 2 )  I J 3 - BREAKS SLOWLY ANll/llR FORMS FEW CHIPS ,  TYPE Tl  NO  5IGN I F IC1\N'I' BREAKDOWN OF ORIG I NAL P I ECES.  

I J 4 - BREAKS RAPIDLY ANll/llR FORMS SEVERAL FRACTURES . TYPE T I S  - SOFT, CAN Ill: BROKEN APART OR REMOLDED W I TH F I NGERS , 

I J 5 - BREAKS SLOWLY AND/OR DEVELOPS FEW FRACTURES , TYPI. T i ll - HARD, CANNOT BE BROKEN APART,  
I J 6 - �o ChA:,c 1. . TYPE T2 - RETAINED PARTI CLES CONSIST OF LARGE AND SMALL , IIARD P I ECES . 

TYPE 1'3 - RETAINED PARTICLES ARE ALL SMALL FRAGMENTS . 

I 

( )) REQUIRES SPECIAL PROCEDURES TO ASSURE GOOD DRAINAGE AND ADEQUATE COMPACTION ( 95% T-99) FOR LOOSE L I FT THICKNESS UP TO 2 4 - I N . MAXIMUM.
( 4 )CAN BE PERFORMED ON JAR-SLAKE TEST SAMPLES I F  IN S ITU NATURAL WATER CONTENT JS KNOWN , 
( 5) US ING NO , 10 S I EVE . 

REFERENCE 

STROHM, W. E. , JR. , G. H. BRAGG , AND T. W. ZIEGLER , 
1978  (IN PRESS) , "DESIGN AND CONSTRUCTION OF COM­
PACTED SHALE EMBANKMENTS , VOL. 5 :  TECHNICAL GUIDE­
LINES , "  REPORT NO. FHWA-RD-78-14 1 , U . S .  ARMY WATER­
WAYS EXPERIMENT STATION FOR U. S. DEPARTMENT OF 
TRANSPORTATION , FEDERAL HIGHWAY ADMINISTRATION , 
OFFICE OF RESEARCH AND DEVELOPMENT , WASHINGTON , DC. 

C LAS S IF ICATI O N  C R IT E R IA FOR  S H ALES US ED I N  E M BA N K M E NTS 

SUGGESTED BY STR O H M ,  ET AL. 
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I n  S i t u  C la s s i f i c a t ion o f  Geologic Mater i a l s  

C l as s i f i c at ion o f  t he in s i tu c ond i t ion and qua l i t y  o f  geolog i c  
mat er i a l s  may inc l ud e  a s pe c t s  o f  b o t h  t axonom i c  and eng i ne er ing c l as s i­
f i c a t ion sys t ems . Sev eral  inv e s t ig a tor s h av e  pr opo s ed i n  s i t u  c l ass i fi­
c a t ion  s y s t ems , mos t  n o t ab l y  Deere , e t  a l . ( 19 69 ) , Au fmu t h  ( 19 74 a ) , and 
t h e  Impe r ia l  Co l l eg e  group in Lond on , Eng l and ( Fr ankl in , 1 9 70 ; Fooke s ,  
e t  a l . ,  1 9 7 1 ;  S aund ers  and Fookes , 19 7 0 ;  Cot t i s s , e t  a l . ,  1 9 7 1a and b ) . 
Despi t e  t h i s  work , no  s ing l e  sys tem has  ye t be c ome wid e l y  accepted and 
appl ied , C e r t a i n  aspe c t s  o f  in s i tu c lass i fi c a t ion may h av e  re l ev ance  
t o  f ie ld  a s s e s sment of  s l aking po t e n t i a l , s e l e c t ion of  s amp l e s  for  
fur ther  s l ake durab i l i ty t e s t ing , o r  t h e  d e s c r i p t ion of  the s t a t e  o f  
d e t e r io r a t ion wi t h in sur face mine spo i l  p i l e s . The se  i n  s i t u  c la s s i fi­
c a t ions c o n s id e r  d i sc ont inui t y  s pac ing , weathering , and rock  s t r eng t h . 

D i scon t i nu i t ie s  include  fr ac t ur e s , f i s sures , J o int s ,  c leav ag e s , 
bedd i ng p l ane s , and fau l t p l ane s . Very c l ose l y  s pac ed d i s c on t inu i t ie s , 
par t ic u l ar l y  in  a rg i l l ac eous ma t e r i a l s ,  i ncrease  t h e  po t en t ia l  r a t e s  o f  
wa t er pene t r a t ion  or d rying and , thus , t he po t en t ia l  rate  o f  s l aking . A 
wide  r ange o f  d i f fe ren t c la s s i f ica t ions has  b een propo s ed for d i s c on t i­
nu 1. t 1. e s , mos t l y  b ased on t h ickne s s  or  s pac ing . The m o s t  wide l y  u sed 
d i scont inu i t y  c l a s s i f i c at ion s y s t em wa s d ev e l oped by Deere , et  a l . 
( 1969 ) for u s e  spec i fi c a l l y  wi th  NX ( 2- 1/ 8  inch , 5 4  m i l l ime t er s )  s ize  
rock  c ore . Th is  s ys t em ,  re ferred t o  as  Rock Qua l i t y  De s ig na t ion ( RQD) , 
requires  the  me asur emen t  o f  a l  1 natural l y  o c cur r ing fr agmen t s  l onger 
t han f our inc h e s  ( appr oxima t e l y  t en c en t ime t er s ) .  The RQD is d e t ermined 
by expr e s s i ng t he sum of these l eng t h s  as a perc ent age o f  the  t o t a l  
l engt h  o f  t h e  par t icul ar core  run . The RQD numb er s a r e  t h en c l as s i f ied 
ac c ord i ng to t he fo l l owing c a t egor ie s : 

• Very poor : RQD = 0 t o  2 5  per cent
• Poor : RQD = 2 5  t o  5 0  perc ent
• Fa ir : RQD = 50 to 7 5  percent
• Good : RQD = 7 5  to  9 0  perc ent
• Exce l l ent : RQD= 90 t o  100  percent

Th e r e l a t i o n sh i p  b e t we e n RQD and  t h e  pr o po r t i o n  o f  ma t e r i a l s  
susc e p t ib l e  to s l aking has  receiv ed l i t t l e  a t tent i on . Fur ther  in-
v e s t iga t i on into  t h i s  po t e n t i a l  re l a t ionsh i p  may be v a l uab l e ,  

A numbe r  o f  we athering grad e  c l as s i fi c at ions h av e  b e e n  propos ed 
but  are  mos t l y c onc erned wi t h  ge o t e chn i c a l  d e s ign  prob l ems . Because  
t h e s e  h av e  b e e n  d ev e l o p e d  fo r pa r t i c u l a r s i t e s , t h e v a l id i t y o f  a 
par t i c u l ar mode l ou t s i d e  the area may b e  l ow ( Fooke s ,  e t  a l . ,  1 9 7 1 ) . 
T h e r e f o r e , t h e  d ev e l o pm e n t  o f  a g e n e r a l i z e d  mod e l  t o  d e s c r ib e  t h e
s l ak ing o f  s ur face mine spo i l  may not  b e  po s s ib l e . 

The e s t imat ion o f  i n  s i tu s t re ng t h  prope r t ies  o f  geo lo g i c  ma t e r ial s 
h a s  great  s igni f i c an c e  t o  many eng ineer i ng appl i c at ion s  and i s  a l so r e l­
evant t o  pred i c t ion o f  s l aking behav ior t o  some d egre e , as  s ugge s ted by  
Morg ens tern  and  E ig enbrod ' s ( 19 74 ) fl ow char t c l a s s i f ic a t ion . A maj or 
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fac t or in develop ing in sit u st rengt h classif icat ion syst ems is the sel­
ec t ion  of a t est t hat can be carr ied out  easily in the  field and prefer­
ably one which requires no sample preparat ion. In s i t u  t ests are gener­
ally c ons idered to be prefe rable to  labo ratory t ests due to t he lack  of 
sample dist urbanc e ,  moisture loss, and other  problems . 

S e ve ral p o r t able t est ing d e vic es h ave be en u t iliz e d  for  f i eld  
strength classif icat ion, inc lud ing the  Schmidt Rebound Hamme r (Aufmuth , 
1974a) , the  Po int Load Device (Fookes, e t  al., 1971 ; Frankl in,  1 970 ; and 
others) , and the Field Shear Test (Aufmuth, 1 974a). Of these t ests, the  
point load test has gained the  w idest ac ceptance ,  Th e S chmidt Rebound 
Hamme r has been found to provide generally unreliable values for sof t e r  
shales because this device was or iginally des igned for use with much  
harde r mat erials (Chapman, 1 975). 

7.2 MATERIAL TESTING 

The princ i pal obje c t ives of laboratory t esting programs relating t o
t h e  slake d u rab ility o f  g e o lo gic ma t e r ials have been as follows : 

• To assess the appl i cability of accelerated  rock
weat hering t ests that can be used to help predict
long-t erm performance.

• To f ind add i. tional t ests that  can qu ickly iden­
tify problem mat erials.

• To quant ify, t o  some degree, the  effe cts  of t ime­
dependent  r o c k  d e gradat ion c aused by va r i ous
slaking mechan isms.

Th is has led to  the development of d ive rse programs which cons ist 
of many standa rd and modified geot echnical t ests. Since much  of t he 
wo rk has involved highway-rela t e d  problem areas, laboratory t ests ge r­
mane t o  that f i eld of study have been used either direc tly (e.g., sand 
equivalent and Los Angeles abrasion t ests) or  in  somewhat alt ered for­
mats (e.g. , mod if ied sod ium sulfate  test) to evaluate  the  susceptibil i ty 
of geologic mater ials t o  slake. Fr equent ly, new t est proc edures h ave 
been de veloped specifically t o  study slaking (e.g., t he slake durabil i ty 
t est [ Frankl in and Chandra, 1 972 ] ). A s ummary of r esearch efforts and 
general survey st ud ies associat ed w i t h  durability t esting programs is 
present ed in Table 7.1. In this summary, t ests have be en classified  ac­
cording t o  the ir nat ure and applicabil i ty int o ident ificat ion (physico­
chemical and mineralogical), durability, and st rengt h t ests. 

A limit ed number of index t ests are usually sele c t ed for a given 
enginee ring problem to serve as a basis fo r classif ication, behavioral 
predic t  ion ,  and planning fo r d esign or mat er ials management. Th ese 
t ests generally include both  id ent ificat ion t ests, such as grain size 
and mineralogy, and behavioral t ests, such as rat e of slaking. Ideally, 
t he simplest and most reliable ind i cators are sough t for a given purpose. 
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TABLE 7 . 1 

SUMMARY OF LABORATORY TES:S ASSOCIATED WITH SLAKING 

IDENTIFICATION TES'.'S 

MINERAL-Pi!YSICO-CHEMICAL 
OGICAL 

z z 0 
0 H 

REFERENCE H ... ... 0.. < "' z 0 

� 
V) 

V) z "' 
V) i: H 0 < ... V) H 
H H >- "' ... "' ... z :> ,-l u ::, z H ;z < u � ,-l :::: "' ,-l ... � H "' 

� "' :r: C, :r: <,,. 
N Cl (!) 0.. <,,. "' 

0 H "' .... U ·  � ;z H z u V) "' � H Cl "' "' <,,. u 8 ,-l"' z "' H :E >- >-"' H "' ... u "' ;z i:: ... ;z ... H "' "' ... 
� ... s "" :,: "' I !,! C, < Vl C. u 0.. >: 

Gamble (1971 )  • 0 0 • 0 
Heley and Maclver (1971 )  0 0 0 0 0 
Deo (1972 ) 0 0 0 0 
E ig�nbrod (1 972 ) • 0 • 0
Laguros (1972) • 0 0 0 • 
Au:c,uth (1974a. b )  

Goodman, Heuze, Thorpe, and Chatoian (1974) 0 0 
Nettleton ( 1974 ) 0 • 
Reidenouer ,  Geiger, and Howe (1974 ) 0 0 0 0 • 
Chapman (1975) • • 0
Augenbaugh and Bruzewski (1976) • 0
S-1ilcy (1976) 0 • 
Rodrigues (1976) 

Luccon (197 7 )  0 0 0 
Noble (197 7 ) 0 • 
Strohm (1978) 0 0 0
Strohm, Bragg, and Ziegler (1978) 0 0
Hudec (1978) • 0 

(l) ,,later , ethylene glycol, hydrogen peroxide ,  or sul f ur i c  acid used as slaking fluids.
(Z)\later and sodium sulfate solutions used for slak i ng wet-dry cycles. 
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For research investigations, corre lation of simp le indicator tests (such 
as grain size or Atterberg limits) with more sophisticated tests ( such 
as minera logica l ana lyses by X-ray diffraction) can ser ve a useful pur­
pose . The fo l l owing sect ions examine the details and suitabi lity of 
particular tests to the study of surface mine spoils .  

7 . 2 . 1 Identification Tests 

As shown in Table 7 . 1 ,  the identification tests ( physico-chemical 
and mineral ogica l )  that have been uti lized in the past as part of  sev­
era l comprehensive laboratory programs have consisted of the fol lowing: 

• Physico-Chemical
- Natura l Water Content
- Grain Size Distribution
- Atterberg Limits
- Unit Weight
- Specific Gravity
- pH
- Chemical Analysis

• Minera logical
- Petrographic Examination
- X-Ray Diffraction
- Methylene Blue Absorption

A brief discussion of the purpose and success in characterizing or 
identifying s laking is discussed below in the presented order. 

Natural Water Content 

The natural water content has been shown to be a genera l ly good 
indicator of the durabi lity and quality of geo logic materials . This 
conclusion is supported from the resu l t s  of several studies related 
to minera l ogy and state of weathering ( Gamb l e, 1 97 1 ) ,  the rate of 
slaking for overconso lidated clays and mudstones (Eigenbrod, 1972 ), 
sha le embankments ( Chapman, 1 975 ) , and the stability of coa l mine roofs 
( Augenbaugh and Bruzewski, 1 976 ) .  Based  upon these obser vations, 
the natural moisture content of intact highwa l l  materials and surface 
mine spoils may contro l, to a large degree, the degradation and result­
ing stability and settlement performance of spoil  piles. Simi lar obser­
vations have been reported for spoil heaps in Great Britain ( National 
Coal Board, 1 972 ). 

Grain Size Distribution 

Grain size distribution forms the basis for many soil and rock 
c l a ssification systems , Accordingly, severa l slaking studies have 
included particle size determinations within their scope of testing to 
examine the influence of grain size distribution on the deterioration of 
materials. The most conclusive evidence of partic le size effects has 
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been repo r t ed by Laguros ( 19 72 ) . He found , i n  a s t ud y  o f  Okl ahoma 
shal es , that  c omb ined amoun t s  of s i l t  and c lay s i ze p ar t i c l es g r e a t e r  
than 4 0  perc ent  r e sul t i n  durab i l i ty prob l ems i n  the  f i e l d . S inc e dur a­
b i l i t y  i s  o f ten  c on t ro l l ed by fact ors o t her  than grain  s ize ( e . g . , c l ay 
minera l ogy ) , mo s t  s t ud i e s  hav e  included par t i c l e  s i ze d i s t r ib u t ions a s  
add i t ional  suppo r t iv e  ev id enc e i n  c l as s i f ic a t ions  o f  f i e ld behav i or 
( Gamb l e ,  1 9 7 1 ;  Re id enoue r ,  e t  a l . ,  1 9 74 ) . 

Because  o f  th e pr ob l ems as soc i a t ed wi th the  v ar ious  d i saggr eg a t ion  
me thod s ,  an  accur a te  and r epr oduc i b l e  d e t e rminat ion o f  the  par t i c l e  s iz e  
d i s t r ibut ion f o r  fi ne-gra ined rocks  i s  o f t en no t po s s ib l e  ( He l ey and 
Mac lv e r , 1 9 7 1 ;  De o ,  1 9 7 2 ; Lagur o s , 1 9 7 2 ; Re id enoue r , e t  a l . ,  1 9 74 ) . 
Th i s  i s  prob ab l y  t h e  re ason for the  l ac k  o f  d e f i n i t e  c orr e l a t ions  b e­
t we en grain  s i ze d i s t r ibut ion and s l ak i ng char ac t er i s t i c s . 

A t t erb e rg L im i t s  

The At t erb erg l im i t  value s  h av e  found wide  a c c e p t ance  a s  v a l uab l e  
i nd i c ator s o f  po ten t i al behav ior and as r e ference  po i n t s  for severa l 
c l as s i f i c a t i on sys t ems . W i th r eg ard to  i d en t i fy ing t he s l ake po t en t ia l  
o f  geologic  mater i al s ,  corre l at ions h ave  ranged from low ( Re id enoue r ,
e t  a l . ,  1 9 7 4 ) t o  h i gh ( E i g e nb r od , 1 9 7 2 ; C h a pma n , 1 9 7 5 ) . Th e h i g h
corre l a t i on be t we en l iqu id l im i t  and c l ay mineralogy repor t ed by  S eed ,
Wood ward , ·  and Lundgren ( 19 64 ) s ugge s t s  t h at At t erberg l im i t s  may s e rv e
as an ind irec t ind i c ator  o f  s l aki ng po t ent i a l .

I t  has  been  shown th at  many o f  the prob l ems assoc i at ed wi t h  d i s­
aggregat ion  for grain s i ze ana l y s e s  a l s o  i n f l uence  t h e  d eterm i nat i ons o f  
At t erberg 1 imi t s  ( H e l e y  and Mac Ive r , 1 9 7 1 ;  Lag uro s ,  1 9 7 2 ; Town s end and 
Bank s , 1 9 74 ) . B e c ause  o f  t h e  i n f l uence  of c lay m i ne r a l og y  on t h e  l im­
i t s , s amp l e  preparat ion i s  an impo r t ant fac tor  and the  re sul t s  there fo re 
c an be s igni f i c an t l y  al t er ed . Th i s  i s  part icul ar l y  t rue for l iquid l im­
i t  v a lues  ( S angrey , e t  a l . ,  1 9 7 6 ) .  · Compar i son o f  r epo r ted t e s t  r e su l t s  
i s  v e ry d i f f ic u l t b ec au s e  o f  t h e  numb er o f  d i ffe ren t proc edures  th at are  
av a i l ab le ( e . g . ,  Town s end and Banks , 1 9 74 ) . Be c au s e  many l ab or a t or i e s  
are not  equi pped wi t h  s pec ial i zed s l ake d ur ab i l i ty o r  u l t rasonic  equip­
men t , the  mos t  ac c e p t ab l e  pr oc edure t hat c an b e  u s ed rou t i ne l y  shou l d  
cons i s t  o f  s o aking and gr ind i ng ope ra t ions  u s ing geolog ic mat er ial s t h at 
h av e  been pres e rved at  t h e  i n  s i tu  mo i s ture co nd i t ions . 

U n i t  We ight 

The un i t  we igh t o f  geologic  ma t er ial s may r e ad i l y  be d e t e rm ined 
u s i ng s t and ard t e s t i ng procedur e s  ( In ternat i on a l  So c ie t y  for  Roc k  Me ch­
an ic s , 1 9 7 9 )  wh ich  are  rou t i ne l y  u t i l ized in  mo s t  g e o techn i c a l  l abora­
tor i e s . Compar i son o f  u n i t  we igh t s  for s i l t st one s and s h al es by  Gamb l e
( 19 7 1 )  general l y ind ic ated  that  t h e  d en s e r  sampl e s  showed  h igher s l ake
dur ab i l i ty . Th e l owe s t  unit  we igh t s  and durab i l i ty v al ue s  are t yp ic al l y
for montmor i l l on i t i c  c l ay shal e s  o r  mud s t one s and t u f faceous  s i l t s tones
or s h a l e s . We athered c l ay shal e s  wer e  al so found to  h av e  low durab i l i t y
and un i t  we igh t v a l ue s  wh i l e  c arb onac eous sh a l e s  e xh i b i t ed the  higher
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durab i l i t y and un it  weigh ts ( G amble , 1 971 ). Based on these t ypes o f  
obse rva tions, pa rticularly fo r ma ter ials from dive rse geologi c  environ­
ment s,  unit weigh t may provide use ful correlations with rock durabili t y. 

Specific Gravit y 

Al t ho ugh t h e  spe ci fi c gr avi t y  o f  solids in soils is r o u t inely  
dete rmined as a part  o f  many geot echnical investigations, only one in­
st ance o f  its use was found during this review ( Laguros, 1972 ). For 
that st udy ,  values o f  speci f i c  gravity  (Gs) range d from 2.J 6 t o  2.80 ;  
bu t ,  since most values we re between 2.72 and 2.80, no  spe cific correla­
t ions could b e  made either with  mineralogy o r  r ock durabili t y. Also , 
because spe cific gravit y t ests r equire disaggrega tion o f  the sample , the  
dif ficult ies discussed prev i ously fo r gr ain size analyses and d e t e rmina­
tion o f  At t erberg limits are associat ed with this t est . Th ere fore , un­
less ve ry  dive rse miner alogies are  expe c t ed ,  the  value o f  spe ci fic grav­
it y t ests for prediction o f  slaking is limit ed. 

pH Tests 

Several investiga tors have utilized pH t ests to de t e rmine i f  there  
is any correlation with durabi 1 ity  b eh avior ( Laguros, 1 972 ; Lut ton,  
1 977 ; S t rohm , et al. ,  1 978). No direct  cor rela tions were observed b e­
tween pH me asurements and mater i al durabilit y. Th e me asurement o f  pH 
may , howe ve r ,  help id entify  po t ential acid-producing materials that 
migh t cause some fur ther degrada t ion if c e r t ain cements ( e.g.,  c arbon­
a t es)  o r  component miner als ( e.g. , chlo rit e )  are present  in signific ant 
amounts. 

Chemical Analysis 

Only limi t ed and sligh tly suc c essful use o f  various ch emical analy­
sis in r e ference to slaking investiga tions has been repo r t ed ( Noble , 
1 977). One possible t ype o f  t est , exch ange able ion c ontent , may provide 
relevant in forma tion alt hough sim ilar predic t ive in formation may b e  
gained more  readily b y  simple r ,  less expensive slake index t ests ( e.g.,  
j a r  slake or slake durability  t ests). Exchange able sodium percent age 
(ESP ) ,  which c an be de termined by  routine soil chemical analysis t e ch­
niques following disaggr egation, may provide use ful information as part  
o f  a research progr am. The r outine use of  ESP as a general indicator  o f
low durability  is questionable.

Pet rographic Examination 

Th e use o f  thin-sec tion pe t rographic t echniques has been repo rt ed 
by Reidenoue r ( 1 970 ) and Reidenouer ,  e t  al. ( 1 974 ) in an investigation 
o f  shale durability. Th e identi fica tion o f  the coa rse grained c onsti­
tuent s did not show a sign i fic ant cor rela tion with ma t e rial durabili t y.
Howe ve r ,  ident ific ation o f  ma t rix composition did demonstrate  some cor­
rela t ion with siliceous c ements rela ting t o  enhanced durabili t y. Anot h­
er  t ype o f  pe t rograph i c  examinat ion , ele c t ron mic rosc opy t echniques used
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to describe t he st ructural fabr i c  of  f ine gr ained mat erials, h as found 
only limited applicat ion as part of durabil i t y  st udies (Laguros, 1 972 ) . 
The relat ive complexi ty and t ime-consuming nat ure of  these t est proce­
dures make i t  t oo costly t o  inco rporate such tests as part o f  a rout ine 
dur abil i ty  test ing program, pa rt icularly with the observed lack of  a 
close correla t ion bet ween many of the t est s results  and dur ability . 

X-Ray Dif fract ion 

The ident i f icat ion of  clay m i nerals may provide use ful informa t ion 
rega rding mat er ial durability (Laguros, 1972; Reidenoue r, et al .,  1974; 
Noble, 1977 ) .  A quant it at ive or semiquant it at ive analysis of t he clay 
mineralogical compos it ion of a ma terial is typ ically ach ie ved by X-r ay 
di f fr act ion techniques or by a combinat ion of X-ray d i f fract ion and 
other t echniques (Black, 1965 ) .  Howe ve r, t hese me thods are f a irly ex­
pens i ve and t ime cons uming . The dur ability beh avior problems t h at may 
be influenced by mineralogical composit ion would be more re adily detect ­
ed on a rout ine basis by durabilit y index t ests such as t hose descr ibed 
in subsequent sect ions . In addit ion, it should be noted t h at although 
the ident ificat ion o f  clay minerals is most likely to  be suit able for 
elucidat ion o f  possible slaking mechanisms, it is not always a reliable 
indicator of low-dur ability ma terials . 

Met hylene Blue Absorpt ion (MBA) Test 

The previously discussed chemical and mineralogical t ests a re t ime 
consuming, costly, and require h ighly t rained pe rsonnel . Because o f  
t hese f actors, Net tleton (1974 ) proposed a relat ively s imple t est proce­
dure wh ich involves t it r at ing a me thylene blue t r ihydrate dye solut ion 
(C 16H 1sN3 SCl · 3H20 )  into an acidif ied soil-wa ter solut ion . A relat ed 
procedure re ferred to  as Me thylene Blue Index (MBI )  is out 1 ined 1n 
ASTM C 8 37-76 (ASTM, Part  1 7, 1 977 ) .  

St udies of the MBA t est h ave been used t o  assess the quality of  
argillaceous rock and h ave found t h at a signif icant relat ionsh ip exists 
between t he MBA and swell pot ent ial, and t he Los Angeles abrasion t est . 
These relat ionsh ips suggest that t he MBA t echnique may serve as a gross 
indicator of t he sample ' s  clay mineralogy . It may be part icularly use­
ful for de tect ion of  moderate t o  significant cont ent s of montmorillonit e .  
Preliminary comparisons with other dur ability t ests (specif ically t he 
Frankl in  and Ch andra [ 1 972 ] device ) h ave also shown good correla t ions . 
Alt hough t he MBA met hod h as not been widely used as part o f  dur ability 
st udies, it may potent ially serve as an inexpensive subs t itute for more 
det ailed analyt ical t echniques . Its success ful use in t he st udy of the 
weathe rabilit y of ar gillaceous materials suggests t h at the procedure 
should be considered for analyses of slaking in sur face mine spoil piles . 

7 . 2 . 2 Durabilit y Tests 

Several types o f  t ests h ave been developed or modif ied to  provide 
qualit at ive and/or quant it at ive assessments of t he slake potent ial of 
geologic mat erials . As br ie fly discussed in subsequent sect ions and 
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summarized in Table 7. 1, several test procedures have shown moderate to 
very good success ; others, because of severe test cond itions show l ittle 
apparent value. The durability tests that have been suggested consist 
of the following : 

e Jar Slake 
• Cyclic Wet-Dry
• Rate of  Absorption
• Rate o f  Slaking
• Slake Durability
• Wash ington Degradation
• Ultrason ic Degradation 
• L. A. Abrasion
• Freeze-Thaw
• Swell ing Tests

Jar Slake Tests 

Several types o f  jar slake test procedures have been designed to 
prov ide a s imple techn ique for evaluating the slaking potential of  geo­
log ic materials. The testing procedure cons ists of placing a rock frag­
ment or prepared gradation of  rock fragments into a beaker contain ing a 
solution. The slak ing solution has typically been water, although 
hydrogen perox ide (Lag uros, 1972),  ethylene glycol (Re idenouer, et al. , 
1974 ),  and sul fur ic acid (Noble, 1977 ) have been successfully used for 
special cases. Most test procedures require rock fragments at or near 
the natural mo isture cond i tions wh ile a few suggest air or oven drying 
prior to immersion. Following immersion, the breakdown o f  the sample is 
observed for a period o f  time rang ing from a few hours to several days. 
Description o f  the sample behav ior is usually qual itative based on 
v isual observations and a description such as the one d iscussed by Heley 
and Maclver (1971) . By using many o f  these techniques, the jar slake 
test has been found to be a useful and simple tool for assessing the 
durabil i ty o f  geolog ic mater ials. 

Cyclic Wet-Dry Tests 

A more severe variation of  the jar slake test is  the cyclic wet-dry 
test th at subjects immersed rock frag men ts to several alternating 
cycles of  soaking followed by a ir drying in a desiccation chamber or in 
an oven. Several d i fferent variations of  the basic concept have been 
developed and a few investigators have shown successful appl ications of  
th is method (Deo, 1972 ; Chapman, 1975 ; Noble, 1977 ) .  

The most general procedure was that of  Ph ilbrick (1950 ) who sub­
jected broken shale pieces to f ive cycles o f  wetting and drying and 
v isually described the remain ing fragments at the end of  the last cycle. 
The sodium sulfate test for evaluating the soundness o f  aggregates for 
construction (ASTM C 88-73 [ASTM, 1978a ] ) is identical to the prev ious 
procedure except that a saturated sod ium or magnes ium sulfate solution 
is substituted as the slaking flu id. Several stud ies have since shown 
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that  t h i s  t e s t  i s  t oo s evere for mo s t  s l akab l e  geo logic  ma t er ia l s  ( Gam­
b le ,  1 9 7 1 ; Re idenouer ,  e t  a l . ,  1 9 74 ) .  Howe ve r ,  f iner degrees  o f  s l ak ing 
re s is t ance have b een  ident i f ied by s imp l y  r educ ing t he so l ut ion concen­
t ra t ion by S O  percent  ( Ch apman ,  1 9 75 ; Nob l e ,  1 9 7 7 ) . For part icu l ar l y  
t ough ( durab l e )  sha l e s  i n  we s t ern V i rginia ,  Nob l e  ( 1 9 7 7 )  found that  a 2 5  
percent  s u l fur ic ac id s o lut ion provided good corre l a t ions with obs erve d  
f ie l d  behavior . O f t en ,  t h e  c yc l ic increase  i n  wat er con tent  fo l lowing 
e ach soak ing s amp l e  can  provide a good ind i cat io n  of t he s l ak ing charac­
t e r i s t ics  of geo logic  ma t e r ia l s  ( E igenbro d ,  1 9 72 ) .  

Rat e  o f  Ab sorpt ion Tes t

S eve ral  t e s t  proc edures h a ve be en de vised t o  mon i t or the rat e o f  
mo i s t ure absorpt ion a s  pa rt o f  other  s l ake durab i l it y  t es t s  ( Deo ,  1 9 72 ; 
E igenb rod , 1 9 72 ) or under we l l  cont ro l l ed envi ronment a l  cond i t ions 
( Re idenouer ,  et a l . ,  1 9 74 ; Augenbaugh and Bru zews k i ,  1 9 76 ) .  Re s u l t s  o f  
t h e s e  s t u d i e s  h ave shown a general  t re nd o f  i ncreased  absorpt ion rat e  
wi th  decreas ing durab i 1 i t y . A l t hough t emperature and pres sure condi'­
t ions show l i t t l e d ire c t  r e l a t ionsh ip with  sha l e  durab i l it y  ( Augenbaugh 
and Bruzewsk i ,  1 9 76 ) ,  the  inc l u s ion o f  absorpt ion d a t a  a s  part  o f  other  
durab i l i t y  t es t s  may b e  wo rthwh il e .  

Rat e o f  S l aking Te s t  

I n  an at t empt to  reduce  t h e  amount o f  t ime required  t o  c onduc t 
cyc l ic we t -dry  t e s t s ,  E igenb rod ( 1 9 72 ) deve l oped a procedure t o  me asure 
the r a t e  of  s l ak ing that was reached a ft e r  t wo h ours  of  soaking . A t wo ­
hour l imit  was e s t ab l i shed  as  the amount o f  t ime that  was requ ired for 
mo s t  of t he t e s t ed ma t e r ia l s  to reach a con s t an t  wat er cont ent . 

The ra t e  o f  s l ak ing t e s t  has been  found t o  b e  a re l at ive l y  quick  
and r e l iab l e  procedure for  eva l uat ing durab i l i t y  charac t er is t ics  ( E i gen­
brod , 1 9 72 ; Ch apman, 1 9 75 ) .  A pos s ib l e  negat ive aspect  of E igenb rod ' s  
me thod i s  a dependency o n  the At t erberg l imit s .  The pot en t i a l  prob l ems 
with " l imi t s "  we re d is c u s s ed in the previous s ect ion ( 7 . 2 . l )  r egard ing 
the  d i s aggrega t ion o f  geo logic  ma t er ia l s . To overcome th i s  prob l em ,  
Hude c  ( 1 9 78 )  h as sugge s t e d  t hat  the  r a t e  o f  s l ake t e s t  be  c onduc t ed 1 0  
s e ve r a l  c yc l e s  us ing var ious dry ing t emperat ur e s . The c yc l ic r a t e  o f  
wa t e r  ab s o r p t i o n  c a n  t h e n  b e  u s e d  a s  a q u a n t i t a t i v e  i n d i c a t o r  o f  
durab i l i t y . 

S l ake Durab i l i t y  Te s t  

Ch andr a ( 1 9 7 0 )  and Frank l in and Ch andra ( 1 9 7 2 ) d e ve l oped a t e s t  
apparatus  t o  h e l p  quant i fy durab i l i t y  and e va l u a t e  the  we athe r i ng r e s is­
t ance  of  sha l e s ,  muds t ones , s i l t st on e ,  and other  c l ay-be ar i ng rocks . 
Th is  apparatus  comb i ne s  the  e f fe c t s o f  s oak ing and abras ion t o  acc e l ­
e r a t e t h e  r a t e  o f  we ather ing t hat can b e  o b t a ined b y  wa t e r  imme r s ion 
a l on e ,  wh i l e  ma int a ining a "real i s t ic"  mode l o f  f i e l d  s l ak ing proce s s e s . 
Th e o r i g i n a l  t e s t  p r o c e d u r e  h a s b e e n  m o d i f i e d  a nd i s  p r e s en t l y  a n  
ac c e p t e d  s t andard t e s t procedure o f  the Int ernat ional Soc iet y for Roc k  
Me chan ics  ( 1 9 79 ) . 
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Many invest igators have success ful l y  app l ied the slake durab i l ity 
test to a range of studies invol ving the weatherab i l ity of geo logic 
mater ia ls. Invest igat ive studies have ranged from assessments of com­
pacted shale embankments (Deo, 1972; Chapman, 1975; Lutton, 1977) to 
weather ing of highway cuts in sha le (Goodman, et a l. ,  1974) to c l assi­
f icat ion (Nett leton, 1974). 

The s lake durab i l ity test has found a h i gh degree of acceptance for 
a wide range of problems assoc iated with weather ing of geo logic mater i­
a ls. Th is method, howeve r ,  has not been used to examine prob lems w ith 
S lak ing of surface m ine spo i l s ,  

Washington Degradat ion Test 

The Wash ington Degradation Test , l ike the s lake durab i l ity test , 
combines the effects of soaking and samp le  agitation to acce lerate s lak­
ing processes. Although th is method was pr imar i l y  des igned to assess 
the suitabi l ity of aggregates fo r pavements, occasiona l ly it has been 
used to ident ify degradable mater ials (Re idenouer ,  et al. ,  1974; Chap­
man, 1975). Although the method as deve l oped by Re idenouer ,  et a l. 
( 1974) has shown reasonabl y  good corre lat ion with f ie l d  durab i l ity ob­
servat ions, the suitabi l ity of th is test method to eva luate surface mine 
spo i ls is l imited by the large quant it ies of raw samp les and the amount 
of samp le  preparat ion that are requ ired. The large number of determina­
t ions that must be made a lso negates the use of th is method. 

U ltrasonic Degradat ion 

An ultrasonic device was f i rst used as a method for the disaggrega­
t ion of shales for particle s i ze anal yses by G ipson ( 1963). Laguros 
( 1972) and h is co l leagues at Okl ahoma State Univers ity (Annama l a i ,  1974) 
f irst appl ied th is approach to art if ic ial l y  weathered geologic mater i­
a ls. Desp ite the successes they obser ved in using this procedure, the 
cost and care wh ich must be exe rc ised to conduct ultrasonic tests l imit 
its app l icabi l ity for general use. As such , use of this method shoul d  
probabl y  only be cons idered i f  several other durabi l ity tests provide 
conf l ict ing results. 

Los Ange les Abrasion Test 

The Los Ange les Abras ion Test (ASTM C 131-69 [ASTM, 1978a ] )  was 
devised to test the suitabi l ity of coarse aggregate for use in concrete. 
Most studies that have used th is procedure (or a sl i ghtl y  mod if ied ver­
s ion) to study sha le durab i l ity have found th is method to be too severe 
a procedure for est imating the durabi l ity of soft geo logic mater ials 
(Deo, 1972; Chapman, 1975). 

Freeze-Thaw Tests 

Freeze-thaw tests have found only moderate success as indicators of 
rock durabi l ity (Re idenour ,  et al. ,  1 974; Hudec, 1 978). Hudec ( 1978) 
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observed a corre lat ion of resu l t s  from freeze-thaw t es ts and simp l e  
"we t -d ry d e t e r iorat ion" t ests ( e . g . , jar slake t est),  and slake durabil­
ity t ests ( e . g . , the Frankl in test) .  Howe ve r ,  he  concluded  that the 
lat t e r two t ypes of t ests we re exce l l ent for slaking classificat ion, 
wher eas the freeze-thaw t est  on ly provided a "good " slaking c lassifica­
t ion . Considering the sho r t e r  tot al t ime requir ements for the sl aking 
t es t s  and t h e  spe cia l  r equir e ment s fo r ve nt il a t e d  f r e e z e rs in the  
fr eeze-thaw t ests, it  is not recommended that these t ests be incorporat­
ed int o rout ine t est ing programs . 

Swe l l ing Tests 

Several stud ies t o  assess the durabil it y  of geologic mat e rials have 
a t t empt ed t o  use the swe l l ing behavior of intact cored samp l es as a mea­
sur e of rock durabi l it y  ( Gamble , 197 1 ;  He l ey and Maclve r ,  1 97 1 ;  Augen­
baugh and Bruzewski, 1 976) . The t est ing procedures have consisted  of 
free swe l l  and rest rained swe l l  t es ts in which swe l l ing st rains or  
swe l l ing pressures were measured . The premise for u s ing these t ests has 
been the be l ief that l ow durabil ity mat erials are l ike l y  t o  possess h igh 
swe l l ing pot ent ial . Cont rary t o  this, no reasonab l y  useful corre lat ion 
has been found be tween rock durabi l it y  and swe l l ing behavior . Gambl e  
( 197 1 )  suggest ed that swe l l ing probabl y  commences dur ing the sampl ing 
and specimen t rimming operat ions and may not iceably  r educe the swe l l  
behavior observed from these t ests . 

7 . 2 . 3 St rength Tests 

The principal purpose in relat ing st rengt h to durabil it y  has been 
fo r various c lassificat ion schemes, a l t hough st rengt h t ests have been 
emp l oyed to direct ly  ident ify rock durabil it y  or to infer fut ure set t l e­
ment or stab i l it y  behavior . The str ength t ests that have been used for 
these obj ect ives, as present ed in Tabl e  7 . 1 ,  include the fol lowing: 

• Unconfined and Tr iaxial  Compression
• Point Load
• Schmid t Hamme r
• Shore Hardness

The use and success of these t ests re lat ed t o  slake durabil ity are 
summa r ized in the paragraphs be low .  

Unconfined and Triaxial  Compression 

A l t hough unconfined and t riaxial compression t ests are rout ine l y  
pe rformed for many geot echnica l proj ect s,  onl y  two instances have be en 
found re lat ing these t ests to stud ies of rock durabil ity ( Eigenbrod , 
1 972; Augenbaugh and Bruzewski, 1976) . Eigenbrod ( 1972) invest iga t ed 
the change in s t r ength of samp l es immersed in wat er and found that com­
pressive st rength reduct ion corre lated quit e we l l  with increased wat e r  
cont ent  and decreased durabi l it y . These corr e l a t ions we re substant ia t ed 
by wo rk done by Augenbaugh and Bruzewski ( 1976) . 

97 



The time requirements to prepare, soak, and test samp l es in com­
pression as suggested by Eigenbrod ( 1 972) are quite l ong (possibl y  a 
month or more) . In addition, strength changes may occur between fie l d 
samp l ing and laboratory testing . Compression tests, the refore, shou l d  
be l imited to use as reference tests . 

Point Load Test 

F r ankl in ( 1 970) was the f irst to recommend the point load test as 
part of an ove r a l  1 system for rock c l ass if icat ion which a lso inc luded 
durabil ity and average fracture spacing as quantitative indicators . The 
test ing procedures and equipment we re later refined (Fr ankl in, et a l . , 
1 97 1 ;  Brook, 1 977) to provide a port ab l e  f ie l d method for assessing the 
strength of fresh l y  cored rock or rock fragments . Accordingly, the 
point l oad test has shown gene ra l ly good acceptance for a wide r ange of 
conditions and as part of se ve ral studies to assess the durabil ity of 
sedimentary rock (Goodman, et a l ., 1 974; Ba il ey, 1 976; Strohm, 1 978; 
Strohm, et a l ., 1 978) . A summary of the point load test procedure is 
presented in Appendix A (A . 7 . 0) .  

The p r imary advantages of this test procedure are portabil ity, 
spe e d, adaptabil ity to samp l e  shape, and cost . Furthe rmore, because 
many tests can be run quickl y, a statistic a l  e va luation of strength va l ­
ues is possib l e  that could  not otherwise be done from the r esults of far  
fewe r unconfined compression tests . Last l y, because tests can be con­
ducted in the fie l d, fresh l y  samp led mate r ials may be used, reducing the 
quantity of samp l es that must be returned to the laboratory and minimiz­
ing samp l e  prese rvation and stor age prob l ems . 

Schmidt Hammer 

The Schmidt rebound hamme r was origina l ly deve loped as a nonde­
st ruct ive test to eva l uate the comp r e ss ive st r en gth of conc r et e, 
a lthough recent ly this de vice has been used for testing rock (Cottiss, 
et a l . ,  1 97 1 a  and b; Aufmuth, 1 974a and b; Chapman, 1 975) .  Studies e m­
p loying this de vice for measur ing the unconfined compressive strength 
(particu l a r l y  for soft and highl y  fr actured rock) have found the test 
too seve re because the rock tends to fail unde r impact (Aufmuth, 1 974a 
and b; Chapman, 1 975) .  

Shore H ardness Test 

The Shore hardness or Scl e roscope hardness test is somewhat s imil ar 
to the Rockwe l l  hardness test for meta ls and util izes a nondest ructive 
impact device . App l ication of this test procedure to me asure rock hard­
ness has typica l ly used rock-cored specimens with cut and po l ished 
surfaces (Bail ey, 1 976; Lutton, 1 977) .  Accordingl y, much t ime is often 
required to prepare rock specimens for test ing. For cases in which 
sl akeab l e  materia ls have been tested, samp l e  preparation becomes mor e  
difficult and time consuming t o  prevent or minimize dete rioration of the 
test specimen . The we ake r materia ls often bre ak down, so that tests 
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cannot b e  per forme d ,  Th e hardnes s va l u e s  a r e ,  t h e re fore , s kewed t owar d  
the  s ide  o f  t h e  mo re durab l e  rock t y pe s  ( Ba i l ey ,  1 9 76 ) .  A l t hough va l id 
corr e l at ions have been obt a ined u s ing t h is me thod ( e . g . , wi th  mo i s t ur e  
cont ent ) ,  n o  d i rect  corre l a t ions have been  made with  durab i l i t y .  
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8.0 LABORATORY PROGRAM 

Th e ma j o r o b j e c t ive s o f  t h e  l ab o r a t o ry t e s t ing program we re  t o  
a s s e s s  the s l ak ing pot ent ia l o f  overburden ma t e r i a l s  s amp l ed dur ing t h e  
f i e l d  port ion o f  t h e  s t udy and provide an unde r s t and i ng o f  t h e  s l a k ing 
proc e s s . As d i s c u s s e d  previou s l y , many docume nt ed t es t i ng procedu r e s  
a r e  ava i l a b l e  and t he s e  provided the  founda t i on for t h e  l ab o r a t o ry pro­
g r am imp l eme n t e d  for t h i s  s t ud y .  In  a d d i t ion,  s eve r a l  s upport ive ana l y­
t ic a l  procedures we re emp l oy e d  for c l a s s i f ic a t ion o r  ident i f ic a t ion pur­
p o s e s . Th e l ab o r a t o r y  program was d e s igned to  be  e f f i c ient and provide  
informa t io n  needed t o  e va l uat e va r ious parame t e r s  t h a t  impa c t  the  d e gr a­
d a t ion o f  ge o l o g i c  ma t e r i a l s . I ncorporat ed i nt o  the  de s ign we re  tho s e  
proc edures  a nd t ech n ique s t h a t  wou l d  a l low key r e l a t ionsh i p s  t o  b e  
addr e s se d  inc l ud ing : 

e S p e c i f ic  a c c e l e r a t e d  l abora t o r y  t es t s  compared t o  
long- t e rm f i e l d  behavior and quant i f icat ion o f
s uch r e s u l t s .

• S imp l e  index o r  s o ph i s t i c a t e d  quant it at ive t ech­
n ique s  a s  cor re l a t e d  to l ab o ra t or y  durab i l i t y
behavior .

Th e s e l e c t ed l ab o r a t o r y  t e s t s  can be  grouped unde r the  c a t e go ry 
h e ad ings o f  "durab i l i t y , " " ident i f ic a t ion , " and "anc i l l ary" t e s t i n g . 
Th e s e  c a t e gor i e s  are u s e fu l  for quant i fy i ng ,  c l a s s i fy ing,  a nd pred i c t i n g  
t h e  l on g-t erm durab i l i t y  ch arac t e r i s t i c s  o f  ge o l o g i c  ma t e r i a l s .  Dura­
b i l i t y  t es t s  provide d i re c t  eva l u at ion o f  s l ak ing ch ar ac t er i s t i c s  o f  
f i e l d- s amp l ed ma t e r i a l s . J ar s l ake , eye 1 ic  we t / d r y ,  s l ake d u r ab i l i t y ,  
and r a t e o f  s l ak ing t e s t s  o f fe r  re lat ive l y  s imp l e  and r e l i ab l e me t h o d s  
fo r p red i c t ing t h e  degrad a t ion o f  ove rburden s ed iment s .  O t h e r  d u r a­
b i l i t y  t es t s  ( ou t l ined in  S e c t ion 7 . 2 . 2 )  we re  not inc l ud e d  b e cause t h e y  
ge ne r a l l y  require  l a rge s amp l e  amoun t s ,  s pe c i a l i z e d  e q u i pment , or  l on g  
t es t i r-.g t ime s and o f t e n  d o  no t provide a r e a l i s t ic ind i c a t ion o f  s l ak in g  
po t en t i a l . I dent i f ic a t i on t e s t s a r e  s eparat ed int o the  b road a r e a s  o f
phys i c a l -c h emica  1 and miner a l og i ca 1 t e s t s . Th e s e  we re u s e d  a s  a b a s  i s  
for  es t a b l i sh ing a fundame n t a l  de s c r i p t ion o f  ma t e r i a l  charac t e r i s t i c s  
and t o  provide ind i r e c t  me a s u r ement s of  durab i l i t y .  Th e "anc i l l a ry"  
t es t s  s e r ve a pur po s e  s imi l ar to  ident i f ic a t ion t es t s  and we re  run 
concur ren t l y  wi th  the durab i l i t y  t es t i n g  po rt ion o f  t h e  program .  Th ey 
inc l ud e d  po int load t es t s ,  ana l y s i s  of  the  s l ak ing f l u id ( i . e . , pH  a nd 
s pe c i f ic c onduc t an c e ) ,  and mo i s t u re c ont ent s o f  t h e  durab i l i t y  t e s t
s amp l e s . 

A f l ow d i agram o f  t h e  l ab o r a t o r y  t es t i n g  program i s  p r e s en t ed 1n  
F i gure 8 - 1 . S p e c i f ic  t es t i n g  de t a i l s  are d i sc u s s ed i n  t h e  s e c t ions 
wh ich fo l l ow o r  in  Ap pe n d i x  A .  Det a i l s  pr e s en t ed in  Appe nd i x  A a re s pe ­
c i a l i z e d  t e s t  pr ocedures n o t  read i l y ava i l ab l e  i n  t h e  l i t e r a t u r e ,  s ome 
of wh ich have b e en de s igned e s pe c i a l l y  fo r t h i s  s t ud y .  
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8.1 SAMPLE SELECTION AND PREPARATION 

Upon completion of the field reconnaissance and exploration program 
( Chapter 5.0 )  at each site , geologic features and other pertinent data 
that might influence the sample selection or laboratory testing program 
were analyzed . This analysis included a review of a geologic log of the 
highwall materials and descriptions of test pits excavated in various 
spoil piles. The desired goal was to identify spoil materials in test 
pits with refe rence to rock units observed in the highwall cores. 
Slaking characteristics of fresh overburden ( rock core) or recently 
spoiled material could then be correlated to degradation observed in 
test pits of variously aged spoils. 

To optimize sampling for laboratory testing , rock strata in each 
highwall were categorized according to major lithotype. The lithotypes 
which represented major portions of the overburden or exhibited unusual 
behavior were then used as a basis for sample selection. Whenever 
possible , geologic materials obained from test borings were selected for 
laboratory testing because they were collected and preserved as closely 
as possible to the in situ conditions. When a sufficient quantity of 
rock core was unavailable , the samples of a given lithotype were supple­
mented with recent spoils. Assuming a complete series of tests would be 
conducted , approximately 70  pounds ( 32 kilograms ) of each sampled 
lithotype was required. Occasionally , due to fragment size , durabil ity , 
or material availability , insufficient quantities of a given rock type 
were collected for the completion of the full suite of tests. 

The major portion of each sampled lithotype was used for  the 
durability testing program. To determine the effects of fragment size 
on slaking , both coarse and fine components were selected for the jar 
slake , cyclic wet/dry , and cyclic rate of slaking durability tests. The 
coarse component consisted of 1- 1/2- to 2- inch ( 38- to 51-millimeters) 
sized fragments; the fine component ranged in size from 1/4 to 3/4 inch 
( 6 to 19 millimeters) in diameter. The coarse sized components were 
trimmed to the nominal dimensions using a diamond edged saw with the 
final sample shapes being roughly cylindrical if rock core was used 
or cubical if fresh spoil samples were utilized. The fine component 
was prepared by breaking coarser portions with a small hammer with the 
final sample prepared by lightly siev ing the broken angularly shaped 
particles. Samples for the slake durability test were prepared by a
trimming and grinding process to provide sample fragments weighing 
between 1.5 and 2 ounces ( 40 to 60 grams) . Throughout the study , t est 
specimens were placed within sealed containers to minimize the reduction 
of moisture content of the samples. Samples were tested either at the 
natur al water content o r  subsequent to ov en drying at 1 10 degrees 
Celsius _:3 degrees. 

Sample preparation for the physical-chemical tests was conducted in 
accordance with the guidelines presented in Appendix A ( A.5.0). Because 
the results of Atterberg limits can be affected by the method of sample 
preparation ( Section 7. 2 .1) , care was taken to minimize the amount of 
sample drying that occurred. Samples used for these determinations ,  
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as well as grain size analyses, were crushed (at natural water content) 
to the required grain size using a Bico Rock Pulverizer. Samples 
prepared for mineralogical analysis (X-ray diffraction) were dried 
and crushed to less than a 200 mesh size (74 microns) . 

8.2 DURABILITY TESTS 

Durability tests used to measure the slaking potential of the vari­
ous highwall lithologies were the slake durability, jar slake, cyclic 
wet/dry, and rate of slaking tests. The slake durability test, which 
required special equipment (Figure 8-2) to provide continual agitation 
to the sample, was performed in accordance with standard procedures 
(International Society of Rock Mechanics, 1979 ) . The equipment require­
ments and test procedures for the remaining durability tests are pre­
sented in Appendix A (A.1.0, A.2.0, A.3.0). These various tests were 
selected because they represent a wide range of conditions (e.g., sample 
fragment size, wetting and drying cycles, temperature, slaking fluids, 
and degree of agitation) and have had some degree of proven success. 

As mentioned previously, the selection of a particul ar lithotype 
for durability testing was based on two criteria; namely, its observed 
field behavior and volumetric proportion of the overburden material. 
Because siltstone, mudstone, and shale generally comprise a high percen­
tage of overburden and typically exhibit more severe slaking character­
istics, the majority of samples for this study were fine grained. Lime­
stones were only tested with the slake durability apparatus because this 
material seldom exhibits large amounts of physical deterioration. If 
insufficient highwall and spoil samples for a particular lithotype were 
available for a complete suite of durability tests, emphasis was placed 
on the coarse fragment size tests using jar slake and cyclic wet/dry 
test procedures in water. In these cases, the selection of coarse frag­
ment size was based on an anticipated greater degradation than with the 
finer fragments. The testing procedures were selected to provide as 
much variation in testing conditions as possible while minimizing the 
use of special equipment (slake durability apparatus) and fluids (sodium 
sulfate or ethylene glycol). 

The principal objectives of the durability testing were directed 
towards quantifying the test results, correlating the laboratory behav­
ior with the observed performance of spoil materials in the field, and 
finally identifying the particular test or tests that provide the most 
reliable results. Based on the latter consideration, the greatest 
emphasis was placed on the test procedures requiring the least amount of 
time and/or sophisticated testing equipment. 

8.3 IDENTIFICATION TESTS 

The durability or slaking resistance of geologic materials is 
partially a function of their inherent characteristics (i.e., mineralogy 
and fabric) . As discussed in Chapter 2.0, the probability of slaking in 
arg i llaceous (c l ayey) sed ime n t s i s  s i gn i fican t l y  h i gher  t han i n  o t her  
common sed imen t n ry ma t e r ia l s. 
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Nine identification tests were utilized in the laboratory program, 
The testing schedule with reference to lithotype and type of test is 
presented in Table 8 . 1 .  The firs t four test types (i . e . ,  moisture con­
tent , disaggregat ed grain size, At terberg limits, and unit weight )  were 
performed in general accordance with standard testing procedures and 
form the basis for material identification and classification for many 
geotechnical testing programs . Preparation procedures for grain size 
analysis and Atterberg limits for disaggrega ted samples, as modified for 
this st udy, are discussed in Appendix A (A . 5. 0 ) . Several previous 
st udies of slaking have identified these tests as modest to strong 
indicators of rock durability and, t herefore, these tests have been 
included in the testing schedule . 

Pet rographic examination of thin sect ions of rock fragments was 
per formed on coarse-grained sedimentary materials using generally ac­
cepted procedures . The principal purpose for use of this tool was to 
examine, in detail, the composition of ma trix cements and rock fabric as 
they relate to the observed durability behavior .  

The remaining tests (i . e . , 1:1 pH, CEC, MBA, MBI X-ray diffraction) 
were included to identify the chemical or mineralogical composition of 
the sampled lithotypes . Me thylene Blue t ests and pH are relatively 
simple procedures that provide reference information for other detailed 
analyses or general indications of slake durability . The procedure 
used for the MBA test method, as suggested by Net tleton (1974 ) ,  is 
presented in Appendix A (A . 6 . 0 ) while the procedure for MBI is set for th 
1n ASTM C 837-76 (ASTM, Par t  17 , 197 7 ) . 

X-ray diffraction and CEC were intended to provide an understanding
of the mineralogical composition of the samples which could be used as a 
reference for comparing the results of other less costly and time con­
suming test procedures (e . g . ,  CEC versus MBA/MBI ) .  X-ray diffraction 
and CEC analyses were conducted in accordance with standard procedures 
(Carroll, 1970; Black, 1965) . 

8 . 4 ANCILLARY TESTS 

Additional tests, which were anticipated to give insight into dura­
bility characteris tics of the sampled lithotypes, were incorporated into 
the durability t esting program . These included point load tests, analy­
sis of the slaking fluid ( pH and specific conductance) , and fragment 
moistur e  contents . 

The point load st reng th test was used to  monitor the degree of 
strength reduction during the "slaking" tests . I t  was selected because 
previous st udies suggested that it provides t he most direct correlation 
between rock st reng th and durability . The tests were performed as part 
of the coarse fragment portion of jar slaking and cyclic we t/dry t ests . 
Fragments were periodically selected for testing to determine the incre­
mental streng th deterioration . The point load apparat us, which is capa­
ble of determining st reng th loss even when irregularly shaped fragments 
are used, is shown in Figure 8-3 and the procedures which were followed 
are presented in Appendix A (A . 7 . 0) .  
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TABLE 8 . 1  
SCHEDU LE FOR IDENTIFICATION TEST S 

LITHOTYPE ( l)

IDENTIFICATION TEST 
SANDSTONE LIMESTONE SILTSTONE 

Moisture Content • • • 
Grain Size 0 0 • 
At terberg Limits 0 0 • 
Unit Weigh t • • • 
Pet rographic Examination ( 2 ) • • 0 

1 :  1 pH ( 3 ) 
0 0 • 

CEC (3 )
0 0 • 

MBA ( 3)
0 0 • 

X-ray Diffract ion ( 3 ) • • 

( 1 ) • Indicates that test was performed.
o Indicates that t est was not performed.

( 2) Performed with thin sect ions parallel and perpendicular to bedding.
(3)Performed before and after durability test ing.
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• • 
• • 
• • 
• • 
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• • 
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The rema ining t ests ( f luid pH , specific conductanc e ,  and f ragment 
moisture cont ents) were de t ermined at key stages in the program . Mois­
t ure cont ent s ,  as discussed p reviously , were de t ermined using commonl y  
re ft! renc ed geot echnical procedures . Specific conductance and p H  were 
pe r iodica l ly monitored fo l lowing standard procedures out l ined by EPA 
( 1979). 
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9.0 RESU LTS O F  FIELD AND LABORATORY PROGRAMS 

Al t hough the  pr ima ry pur pos e  o f  t h is s t udy wa s t o  r e l a t e  expe r i­
men t al resu l t s  obt a i ned i n  t h e  l aboratory t o  obs e rva t ions made i n  t h e  
f i e l d ,  va l uab l e  in format ion wa s i nde pende n t l y  der ived from e ach progr am .  
Th i s  ch apt er present s r e s u l t s ob t a ined i n  b oth programs wh ich c a n  b e  
cons i d e red  s e parat e l y ,  a s  we l l  a s  i n fo rma t ion  wh ich re s u l t ed f rom corre­
l a t ing t h e  t wo s t udy port ions . 

9 . 1 F IELD PROGRAM 

S l aking  in  mine s po i l s  i s  a fun c t ion o f  s eve ral  var i ab le s ,  i nc lud­
ing mat er ial  propert ies , mining  t echn i que s ,  and r e c l amat ion p r ocedur e s . 
The a s soc i a t ed envi ronment al e f fe c t s depend on t h e  mode , degr e e ,  and 
rat e o f  s l aking . Th is s ect  ion c ons ide r s  observat ions made  or  resul t s  
ob t a ined dur ing t h e  f i e l d  program .  

9 . 1 . 1  Modes  o f  S l aking  

Th r e e  mo d e s  o f  s l a k i n g we r e  o b s e r ve d  to  o c c ur i n  m i ne s po i l s . 
The s e  i nc l ude : 

• S l aking t o  i nhe rent gra in s ize
• Ch i p  s l ak ing
• S l ab or b loc k s l aking

S l aking t o  inhe rent grain  s ize  r e su l t s rn  t h e  d e s t ruc t ion of  the  
o r i g i na l  rock  s t ruc t ur e  and  t h e  produc t ion of  a s ed iment  ma s s  c ons i s t ing
of f i ne-grai ned part ic les . D i s int egr a t ion  of r ocks  by th i s  mode  o f
s l ak i ng c an occur in  a pe r iod o f  t ime rang i ng from a few days t o  several
years .

Ch i p  s l ak i ng r e s u l t s  in t h e  produc t ion o f  f l at fr agment s rang i ng i n  
th i c kn e s s  from approxima t e l y  1 /4 t o  3 / 4  i nch ( 0 . 6 t o  t wo c ent ime t e rs ) 
and i n  l engt h and width  f r om one t o  s ix inch e s  ( 2 . 5  t o  1 5  c en t ime t e rs ) .  
Usua l l y ,  t h e  ch i p s  are  r e l a t i ve l y  s t ab l e and r e s i s t  further  degrad a t i on . 
In i t i a l  b r e akdown occur s a l ong subparal lel  pl anes o f  we aknes s wh ich may 
not be apparent dur ing v i sual inspect ion of fresh  roc k core . Howe ve r ,  
the  e x i s t enc e  o f  t h in i nt e rbeds o f  c ont r as t ing m i neralogy o r  chem i c a l  
c ompo s i t ion , such as conc ent rat i ons  o f  m i c a  f l ake s o r  o rgani c  ma t e r i al s ,  
was found t o  b e  a re l i ab l e  i nd ic at o r  o f  i n c i p i ent  ch ip  s l aking . 

S l ab or b l oc k s l aking  resul t s  in t h e  produc t ion o f  t h ic k  s l ab s  or 
e qu id ime ns ional b l oc ks rang i ng in s ize  from approxima t e l y  th r ee i nche s  
( 7 . 5 c ent ime t e rs ) t o  s ix feet  ( 1 . 8 me t er s ) or  mo re , B r e akdown c ommo n l y  
occurs  a l ong nat ur al or b l ast ing- i nduc ed fract ur e s . Once  b roke n  i nt o  
b l ocks  o r  s l ab s , t h e  fragme nt s a r e  general ly  r e s is t an t  t o  fur t h e r  b reak­
down or det e r iorat e s l owly ove r a per iod of t ime . 
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Oc c a s ional ly ,  rocks may undergo more th an one mode of s l aking . 
When th is  occur s ,  i t  i s  usua l ly a progr e s s ion from ch i p  s l ak i ng t o  i n­
h erent gr a in s i ze . The t ime requ i red for t h is ch ange of s t at e  to  oc cur 
i s  expe c t ed to  be l e s s  than s ix months . Th is t ime frame may b e  cons id­
e r ab l y  l es s ,  and in some l i tho logies , nea r l y  ins tantaneous . 

9 .  1 . 2 Impact of Mat e r ia l  Proper t ie s  on S l ak ing 

Inh erent rock prope r t i e s are a major fac tor 
mode , r at e ,  and degree of s l aking in  mi ne s po i l s . 
logic  fe atur e s  we re ob s e rved t o  i nf l uence s l aking 
mine spo i l s :  

• L i tho logy 
• Bedding
• Minera logy

i n  de t ermi n i ng t h e  
The fo l lowi ng geo­
ch aract e r i s t i c s  of 

Muds tone s , s i l t s t one s ,  and s h a l e s  we re found ,  in  gener a l , t o  b e  t h e  
mos t  s l ake -prone l i t ho logi e s . Sl aking of s ands tone and l ime s tone wa s 
var iab l e ,  but gene r a l l y  minor in  o c c ur rence .  Bedding ch aract e r i s t i c s  
pr imar i l y  i nf l uence the  mode of s l aking; i . e . ,  roc ks wh ich exh ib i t ed 
th i n  beddi ng we re found t o  unde rgo ch ip s l aking ,  wh ereas ma ss ive rock 
un i t s  we re prone t o  b lock or s l ab s l aking or s l aked t o  t h e i r  cons t it uent  
gr a i n  s ize . 

Readi l y  ident if i ab l e  mine ra l s  a l so corre l at e  w i t h  var ious s l ak i ng 
charac t e r is t ic s .  For examp l e ,  c arbonate  c ement ed e l a st ic  rocks oft en 
d i s int egrate  rapidly  wh en p l aced 1 n  s po i l s . L i tho l og i e s  w i th in t erbeds 
of con t r a s t ing mine r a l ogy s uch as concent r at i ons of iron oxides or  
coars e m i c a  fl ake s prov ide zone s of we aknes s wh ich augme nt the  s l ak i ng 
proc e s s . 

Genera l re l at ionsh i p s  b e tween mode s of s l ak i ng and inheren t  rock 
prope r t ies  are  summar ized in Tab l e  9.1. Fur the r d i s c u s s ion r e l a t ing
l itho logy, gr a i n  s iz e ,  and depth is pr esent ed in  Sec t ion 9.1.4.

9.1.3 Impact  of Min ing Techn ique s on Sl aking

M i n ing t e ch n ique s we re obs erved to  affe ct  s l aking ch arac t e r i s t i c s  
of mine s po i l s  in  two ways . F irs t ,  t h e  type of mini ng method ut i l ized  
(e . g . ,  a re a  m i n ing versus h au l back) i nf l uences  s l ak i ng . Se cond, t h e  
inc rease  in  equipment s ize and mach inery t raff ic wi th in t h e  l as t  1 0  t o  
1 5  ye ars  a s soc i at ed w i th a l  1 min ing methods h as produc ed an a t t e nda nt 
increased impact  on s l ak ing . These  impact s inc lude great e r  c ru sh ing,  
ab r as ion , and shear i ng of spo i l  fragment s as a resul t of i ncreas ed 
mat er i al h andl ing,  more cont rol l ed p l ac eme nt , and more ext ens ive f i na l  
grading . 

B l a s t ing met hods depend both on the  m i ni ng met hod and number  of 
coal  s e ams m i ned . Mos t  area and moun t a i ntop r emoval m i n ing ope rat ion s  
b l a s t  t h e  ove rburden i n  l a rge l ift s ,  wh i l e  h aul back ope rat ion s  ge neral l y  
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TABLE 9. 1 
RELAT IONSH I P  O F  SLAK ING MODES TO ROCK PRO PERT IES 

SLAKING MODE 

Slaking to 
grain size 

Chip Slaking 

Slab or 
Block Slaking 

ASSOCIATED ROCK PROPERTIES 

Generally occurs in mudstones and 
occasionally in sandstones. Rocks 
are usually massive and may be 
carbonate cemented. 

Generally occurs in shales and 
siltstones ,  occasionally in thin 
bedded sandstones. Bedding may 
be indistinct to well expressed 
and often micaceous. 

Generally occurs in sandstones and 
limestones. Rocks are usually mas­
sive and may be micaceous. 
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shoot smalle r l ifts .  
lifts are  shot in  each 
slak ing of rocks in at 

Where mult iple seam m1.n1ng oc curs, one or more 
int erburden i nte rval . Blast ing d irectly affec t s  

least thre e ways includ ing : 

• Tot al d isintegrat ion o f  t he rock into i ts  const i­
tuent part icles .

• Pa rt ial br eakd own of t he r o c k  into  small e r
fragments .

• D i srupt ion and weaken ing of bonds w i thin the rock
w i thout a decrease in fragment s ize .

The f i rst me chanism is r espons ible for the produc t ion of dust where  
the rock is  complet ely broken down to its c onst it uent gra in s ize . The 
rema ining t wo mechanisms provide su itable cond i t ions for slaking t o  pro­
c e ed dur ing excavat ion, placement, and reclamat ion ac t iv i t ies . 

Excavat ion and plac ement t echn iques also impact  the slaking pro­
cess .  Dragl ine excavat ion, as in area mining ope rat ions, cons ists of 
pulling or dragging the bucket  ac ross t he mat er ials . D i s int egrat i on 
oc curs by abras ion and gr ind ing of spo il aga inst the bucket  and w i th in 
the spo il itself . Spo il excavat ion by shovels creat es a s im ilar effe c t . 
Excavat ion by endloade rs, as in haulback min ing, results in  the c rushin g  
and frac tur ing of spo il mat er ials by the we i ght of t he equipment moving 
ac ross t he spo il surfac e .  

In i t ial spo il placement 1 n  area min ing consists of dump ing the 
spo il in r idges w ith suc cess ive 1 ifts compac t ed only by the we ight of 
the ove rlying spo il .  Relat ively 1 i t tle c rushing and abras ion of con­
tact points oc cur in th is me thod of plac ement .  The spo il r id ges t end 
to have an open, porous character, read ily acc ess ible to a i r  and wat e r; 
and, therefore, slak ing can easily be in it iat ed aft er placement . 

Spo il plac ement  i n  haulba c k  m i n ing  and moun t a int op r emo val 1s  
usually accompl ished by large t rucks .  Spo il is  load ed, t ransport ed t o  a 
previously m ined or des ignat ed f ill area, and end dumped .  Load ing and 
t ransport  cause addit ional crush ing and abrasion of rock mat e r ials . In 
add i t ion, previously placed spo ils locat ed on ac cess areas sust a in re­
peat ed heavy t ruck t raffic result ing in  fur ther c rush ing, gr ind ing, and 
compact ion .  Therefore, spo ils resu l t ing from this type of placement are 
generally denser in nature  and 1 ess susc ept ible to atmosphe r ic agent s 
below the surfac e .  

Plac ed spo ils are graded, gene rally w i th large bulldoze rs, t o  a 
t opography approximat ing the or iginal contour . In area mining and 
mountaintop removal ope rat ions, the spo il is usually graded to a gentle 
s lope, wh ile in haulbac k mining, the f inal slopes are much st eepe r . In 
e i t he r case, cons ide rable rewo rking of the spo il 1s requi red . F inal 
grad ing ope rat ions apparently have the great est impac t on slak ing of t he 
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ent i r e  mining and rec l ama t i on program. Th is cone lus  ion 1s b a s e d  on 
inspec t  ion of graded and ungraded fr esh  spo i l  and c omment s from mi ning 
pe rsonne l .  Ungraded fresh  spo i l  at  a l l  s i t e s  appe ared t o  h ave a c oars e r  
part ic l e  s ize  d i s t r ibut ion t h an graded mat er ia l s . I n  ad d i t ion , r ocks  
we re obs e rve d to  b e  broken ,  c r acke d ,  o r  c rushed  dur ing ac t ua l  grad ing , 
and broken or c rushed rock ma t e r i a l s  we re not ed in  bu l ldoze r t racks i n  
recent l y  graded areas . D i s c u s s ions wi th  s eve ra l min ing c ompany pe r son­
ne l a l s o  suppo rt ed t h e s e  obs ervat i ons . Spo i l  mat e r i a l s  wh ich h ave b een 
c rushed , abraded , and we ake ned b y  pr i o r  act iv i t ie s are  s ub j e c t ed t o  i n­
t ens ive man i pu l a t ion by repe a t e d  passes  o f  bul l doze rs . Add i t iona l l y ,  
wh en t opso i l  i s  p l ac ed o n  t h e  f i na l spo i l  s ur face , mach ine ry pa s s e s  b y  
s c r apers , t rucks , and bul l doze rs fur the r a c c e l e ra t e  ma t er i a l  breakdown . 
The e f f e c t s o f t h e  s e a c t iv i t i e s a re gene r a 1 1 y re  s t r i  c t e d t o t h e  near  -
sur face  s po i l  mat e r i al  due t o  t h e  l im i t ed numb e r  of  ma ch i nery pas s e s  and 
r e l at i ve l y  sma l l  s ize  of equipme nt invo lved . 

9 . 1 . 4  Phys i c a l  Ch arac t e r �s t ics  o f  S po i l  P i l e s  as  Re l at ed t o  S l aking  

To  und e r s t and t h e  va r ious parame t er s  assoc i a t ed wi t h  d e t e r iorat ion 
of s po i l  mat e r ial s ,  t h e  f ie l d  program wa s des igned to examine va r iat ions 
in d e ns it y and gr a in s ize  among s po i l s  o f  va r ious ages  at each s i t e .  
Repl i c at e dens i t y  me asur ements  and wa t er c on t ent s we re t ake n at va r iou s 
d e p t h s  us ing a nuc l e a r  densome t er ( Se c t ion 5 . 4 ) .  To e s t ab l i sh gr a i n  
s ize  re l a t ionsh ips , bu l k s ampl e s we re t aken for s ieving . The r es u l t s  
we re c omb i ned w i t h  v i sual  e s t ima t e s  o f  coar s e  frac t ions ( gr e at er t h an 
t h r e e  inche s  or  7 . 5  c ent ime t ers ) t o  obt a in ove ral l gra in s ize  d i s t r ibu­
t ions . B e c ause  on l y  one gra in  s i ze  ana l ys is wa s conduc t ed fo r e ach 
s po i l  a r e a ,  s amp l e  depth wa s ke pt  a s  c on s t ant as  pos s ib le f o r  e ach s it e .  
The r e l at i onsh ips  wh ich fo l l ow we re d e r ived t h rough an ana l ys is o f  t h e s e  
dat a s uppl emen t ed b y  i n fo rmat ion obt a ined t h rough int e rv i ews wi th  mining  
pe r s onne l .  

Bu l k  dens i t y  o f  mine s po i l s i s  a fun c t ion o f  p l ac eme nt me t hods , 
s l aking  charac t e r is t ic s ,  l i tho l o g i c  c ont ent , and age o f  s po i l s .  R e s u l t s
o f  t h e  in s it u  b u l k dens i t y  t e s t s  and mo i s t ur e  c ont ent  d e t e rmina t ions
are  pre sent ed i n  F igure s  9-1  and 9-2 . Each d a t a  po int  repr e s ent s t h e
ave rage o f  four r e p l i c a t ions . Bu l k  dens i t y  and wa t e r  cont ent va l ues
increase  o r  decrease  with  depth  d e pend ing on th e s i t e  c ond i t ions a s
out l ined  in Ch ap t e r  6 . 0 , and a r e  a funct ion o f  the  durat ion , f requency ,
and magn it ude of  the  we t t i ng and dry ing c yc le s . Genera l l y ,  an i nve rse
re l at ionsh ip  wa s deve l oped betwe en b u l k dens i t y  and wat er c on t ent . The
corre l at ion b etwe en t h e s e  t wo parame t e rs a ided  in t he ve r i f ic at ion o f
t h e  dens i t y  measurements  and t he i r  a s so c i at ed var ia t ions .

At S i t e  A, bu l k  dens i t y  gener al l y  decreas e s  wi t h  depth  in t h e  f r e s h  
and t wo -ye ar s po i l s  and i ncreases  w i t h  depth  in  t h e  f ive- and t en-ye a r  
s po i l s . The h igh e r  s ur face  dens it ies  i n  t h e  younger s po i l s ,  p a rt i c u l ar­
l y in  t h e  t wo-ye ar s po i l  wh ich wa s l oc a t ed in an equ i pme nt acces s area ,  
are a r e s u l t  o f  mo re i nt ens ive ma t er ia l s  h and l ing act ivi t ies  wh ich h ave 
crust ed and c ompa c t ed t h e  s ur fac e  l aye r ,  whereas  t h e  l owe r s ur face  den­
s i t ies  in t h e  o l der  s po i l s  are b e l i eved t o  b e  a resu l t o f  l e s s  mach i ne ry 
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t raff ic. Ten-year spo ils rece ived minimal grad ing compared to  younger 
spoils. Increas ing dens ity w i th depth may also ind icate t hat set t lement 
of the spo il mater ials has taken place. 

At S i te B, bulk dens ity generally decreases w i th depth  in  all age 
spoils. Th is is due to  the in i t ial placement of spoils by dumping from 
the dragline bucket on all age spo ils and t he charact er of t he spo il i t­
self. The spoils cons ist pr imar ily of relat ively hard s iltst one ch ips 
and slabs wh ich, when placed, form a st able, porous mat r ix wh ich resists 
compact ion. The h igher surface dens ity appears to be a result of ma­
ch inery t raff ic dur ing f inal grad ing w i th slaked mat er ials f illing large 
voids in th is layer. Mechan ical t illage for seedbed preparat ion on two­
and f i ve-year  spo i ls d i d not  appea r t o  appr eciably affect surface 
dens ity  when compared to t he fresh spo il wh ich had not been t illed. 

At S i te  C, bulk dens ity increases w i th depth in fresh, t wo- and 
f ive-year spo ils and shows a sligh t  increase in the ten-year spoils. 
The fresh spoil is located in a valley fil  1 area in wh ich each 1 ift is 
graded and compact ed; consequently, t he sub layers are quite  dense. 

At  S i te  D, bulk dens ity  decreases w i th depth on f ive-year spo ils 
and is var iable on fresh, t wo-, and t en-year spo ils. The var iable 
dens i t ies wi th  depth on most spoils are a funct ion of mo isture content, 
l ift th ickness, and number of mach ine passes dur ing placement and f inal
grad ing. Fresh spoil, wh ich has the h ighest dens ity values overall, has
been regraded to  approximate or iginal contour. F ive- and ten-year
spo ils, wh ich exh ibi t  lower overall dens it ies, were part ially backf illed
aga inst the h ighwall w i th less ext ens ive grad ing.

Spo i ls exh ib i t  a broad spect rum of gra in s izes r anging f r om 
boulders t o  clay. Because slaking, by def ini t ion, involves t he physical 
degradat ion of rocks, a net decrease in grain s ize occurs. However, 
s ince slaking rates vary great ly, even spo ils wh ich have undergone ex­
t reme slaking of a part icular l i thology usually retain some coarse frag­
ments of slake-res ist ant l i thologies. Even at S i te  D, wh ich exh ib i t ed 
ext reme slaking t o  const ituent grain s ize by mudstone mat er ials, some 
coarse fragments were observed in all spoils. 

The results of t he grain s ize analyses are shown in F igures 9-3 
through 9-6. The dat a indicate  t hat 1 i t ho logic compos it ion generally 
has a great er influence on grain s ize d istr ibut ion than does t ime. 
S i tes where l i thologic compos i t ion is generally un iform t hroughout t he 
var ious age spoils, as at S i te  B, have s im ilar gra in s ize curves for all 
age spo ils, wh ile s ites wi th  more va r iable l i thologic compos it ion among 
the var ious age spo ils have more d iverse gra in s ize curves. 

At Site  A, mater ial propert ies appa rently con t rol grain s ize d is­
t r ibut ion. Recent and f ive-year spo ils have very s im ilar gra in s ize 
cur ves and s imilar compos it ion, w i th muds tone, slaking t o  const i t uent 
gra in s ize, being the dominant l ithology. Two-year spo il cont ains no 
mudstone and consequently has the coarsest grain s ize d istr ibut ion. 
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PART ICLE  D IAMETER IN M M  

GRAVEL SAND BOULDER COBBLE 1----�---+--�--�----------i S I LT AND C L AY FRAC T I O N

SYMBOL 
SPOIL AGE 

YEARS
- 0 
-- 2 
---- 5 

• • • • ••  1 0

coarse 

D E PTH 
I N CM 
4 6  1 1 7

3 6  9 1  

3 0 76 

3 0  7 6  

l ine coarse medium l ine 

COMPOS I T I O N  

2 0 %  SHA L E ;  B O % M U D S  TON E  

20 % BLACK SHALE;  8 0 %  SHAL E 

1 0% SANDSTON E \ 2 0 %  BLACK S H A L E ;  70 % M U D STONE 
3 0  % M U O S TONEj 30 % BLACK SH A L E ; 4 0 %  S H A L E  

N OTE : COMPOS ITION I S  BASED ON PART ICLE DIAMETERS :> 5/6 4 I N C H  ( 2 mm)  

SPO I L  P I LE G RA I N  S IZE  D ISTR IBUT ION 

S ITE A 

1 1 7 

F IGURE  9-3  
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PART ICLE  D IAMETER IN  MM 

OULDER COBBLE __ G_R_Ar-VE_L ___ __,,--_s_A_N ..... o ___ _
coarse f ine coarse medium f ine 

S I LT AND C LAY FRAC T I O N  

SPOIL AGE DEPT H  
SYMBOL YEARS IN CM COM P O S I T I ON 

- 0 40 102 30 % SHALE ; 70 % S I LT STO N E  
-- 2 34 86 20 % S H A LE ; 80% S I LT STO N E  
- --- 5 46 1 1 7 30.% SHA L E ; 70% S I LT S TO N E  
.. . . . . . 1 0 4 8  1 2 2  1 0  % MUDSTONE ; 30 % S H A LE ·, 60% S I LT S TONE 

NOTE: COMPOS IT ION IS BASED ON PARTICLE DIAMETERS > 5/64 INC H ( 2mm) 
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COBBLE �--,-----+---"T-----,-------1 S I LT A N D  CLAY FRAC T I O N  

SPOIL AGE 
SYMBOL YEARS 
- 0 
- - 2 

---- 5 
• • •• • •  1 0

coarse f ine coarse medium l ine 

DE PTH 
I N  CM C O M PO SIT ION 

2 4  61 20% BLACK SHALE i 30% SILTSTO N E  i 50% MUDSTONE 
3 2  8 1  1 0 %  B LACK S H A L E i  2 0 % S A NDSTONE j 700/o SILTSTONE 

4 2  1 07 1 0 %  B L ACK SHALEi 40% SILTSTO N E ;  50% S AN D S TONE 
2 4  6 1  4 0 %  SILTSTONE i 60 % SANDSTONE 

NOTE : COMPOSITION I S  BASED ON PART I CLE DI A METER S >  5/6 4  I NCH ( 2mm )
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PARTICLE DIAMETER IN MM  

OULDER COBBLE __ G_R_A�V_EL _____ � __ S_AN_D�--- S I LT A N D  C L AY FRAC T I O N

SYMBOL 
SPOIL AGE 

YEARS
- 0 
-- 2 
--- 5 
. . .... 1 0

coarse l ine coarse medium l ine 

DEPTH 
I N  'C M  COM POS ITION 

36 9 1  1 5  % SANDSTONE ; 2 5  % S HALE ; 6 0  % M U DSTONE 

60 1 52 20 % L I M ESTON E ;  3·0 % S HA L E ; 6 0 %  M U D STO N E  

3 6  9 1  1 0  % BLAC K S HA LE ; 30 % S HA L E ; 6 0 %  M UD STONE 

48 1 22 10 % SAN DSTO N E ; 20 % S HALE ; 7 0  % M UDSTO N E

NOTE : COMPOS IT ION IS BASED ON PARTICLE DIAMETERS > 5/64 I N C H  ( 2 mm) 
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Th i s  i s  re f lective o f  the ch ip  s l aking wh ich the shales have undergone, 
produc ing fragments general l y larger t han about two inches (f ive cent i­
meter s)  in s ize. These ch ips appear to be relat: ive l y  s table and further 
degradat ion i s  ex pected t o  take place slow l y. The ten -year  s po il 
conta ins an intermed iate amoun t: o f  muds tone, bu t: d i s plays a gra in s ize 
curve s imi lar to the fresh and f ive-year s po il. Slaki ng, over a longe r 
time, may be respons ible for the production of  a gra in s ize d i s t r ibut ion 
s imi lar to younge r s po i l s. 

At S ite B, the fresh, f ive- and ten-year s po i l s  have s im i lar grain 
s ize curves, wh i le  the two-year spo i l  conta ins s l ightly more f ine mate­
r ial. The re lat ivel y  un i form 1 itho logic compos it ion i n  a l l s po ils 
apparently indicates that t ime i s  not a s ign i f icant factor in f l uenc ing 
slak ing at th is  s i te. 

At S ite C, the gra in s ize curves for the two- and f ive-year s po ils 
are s im ilar, wh ile the fresh and ten-year s po i l s  conta in mo re f i ne 
mater ials. The f iner mater ia l s  in  the fresh s po il are a result: o f  mo re 
intens ive mater ia l s  handl i ng and compact ion as sociated w ith val ley- f i l l  
cons truction and h igher proport ion o f  mater ia l s  prone to extreme s l ak­
ing. The f iner mater ials in the ten-year s po i l are believed to be the 
product o f  s lak ing over t ime. 

At S ite D, where al l s po il ages conta in a relatively h igh propo r­
tion of s l ake-prone mater ial s, the ef fects o f  t ime on s lak i ng are mo re 
apparent. Genera l l y, the proportion of f ine mater ial increase s wi th 
increas ing s po i l  age, w i th the except ion of  the l arger s ize fractions. 
Younger s po ils contain fewer coar s e  fragments due to increased mater i als 
handl ing relating to more grad ing as sociated w i th restoration of approx­
imate or i ginal contour. O lder s po ils at th is s ite, as mentioned pre­
v iou s l y, were part ial ly back f i l led w ith les s  grad ing. 

Slaking was observed to occur as a funct ion o f  depth i n  a l  1 age 
s po ils and general l y, ev idence for the occur rence of slak i ng was negli­
gible below f ive feet. Total coarse fragment content general ly in­
creases w i th depth as does the proportion of large coarse fragments 
(>10- inch or 25-cent imeter s ize). The propo rt ion of the sma l ler coar se 
fragments (<3/4- inch or two-centimeter s ize) decreases w i th depth, wh ile 
the d i s tr ibution of intermed iate s ize fract ion s i s  more va r iable. Total 
coarse fragment content and proport ions of va r iou s s ize clas ses, based 
on v i s ua l  estimates made in the f iel d, are presented as a function of  
depth in  F igures 9-7 through 9-9. 

At S ite A, total coar se fragment content: increases w i th depth on 
all but the ten-year s po ils. The decreas i ng coarse fragment content 
w ith depth on th is s po i l  appears to result mo re from s po i l  placement 
techn iques than in s itu slak ing. The proport ion of coarse fragments 
greater than 1 0- i nch (25 -cent imete r s )  s ize and th ree- to ten- i nch 
(7.5- to 25-cent imeters) s ize general ly  increases w i th depth i ndicative 
of near sur face s laking of these s ize fract ions. The propo rt ion o f  
3/4- to three- inch (two- t o  7. 5-cent imeters)  and 3/4- to 5/64- inch 

1 2 1
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( t wo-c ent ime t e r s  t o  t wo-mi l l ime t ers ) s iz e  co arse  f r agme nt s gene ra l l y  
d e c r e a s e s  s l i gh t ly  w i th depth , sugge s t ing  t h at t he s e  s iz e  fr act ions may 
be r e l a t ive l y  una f fe c t ed by s l ak ing o ve r  t ime . Th e cont e nt o f  3 /4- t o  
5 /  64- i nch ( two-c ent ime t ers  t o  t wo-mi l l ime t er s ) c oarse  f r agme nt s ,  wh ich 
shows l i t t l e  va r iat ion w i th  depth at  al l s it e s ,  s e ems t o  sugge s t  t h at 
s l aking o f  large coarse  fr agment s c an t ake p l ac e  r ap i d l y ,  but  t h at t he 
rat e o f  degradat ion ma y d e c rease  sub s t ant i a l l y  w i t h  sma l l e r  par t i c le 
s ize . Henc e ,  an e qu i l ibr ium po int  may ex i s t  for many ge o l o g i c  mat er ia l s  
upon re ach ing t h e  3/4- t o  5 / 64- i nch s ize  fract ion . S l aking o f  l arge 
coarse  fragment s at al  1 s i t es wa s obs e rved t o  o c c ur pr i nc i pa l l y  a l ong 
n a t ur a l  zone s of  we aknes s s uch as b ed d i ng p l anes , fr act ur e s , and we akly 
c ement ed grains . I t  i s  b e l i eved t h at s uch zones  o f  s t ruc t ur a l  we akn e s s  
may not  exi s t  i n  the  sma l l e r  f r agme nt s , t h u s  s ub s t ant i al l y  reduc ing  t h e  
rat e o f  s l ak i ng . 

At S i t e  B ,  t ot al coarse  fr agment  c ont ent i s  at  a max imum at  a d e p th 
o f  one  t o  two feet  ( 0 . 3  t o  0 . 6  me t e r )  and decreas es  b e l ow th i s  depth .
The ne ar-sur face  zone o f  h igh coarse  f ragment  c ont ent i s  t hough t  t o  b e  a
funct i on o f  s po i l  p l ac eme nt me thods ra ther  t h an i n t e ns i ve s l ak in g  a t
depth ; howe ve r , no d i re c t  e v i d e n c e  wa s found t o  s uppor t  th  i s . The
great e s t  proport ion o f  large r  c oar s e  fr agment s ( i . e . ,  grea t er t h an 3
inch e s  or  7 . 5  c ent ime t e rs ) wa s e ncoun t ered  a t  a depth o f  appr oxima t e l y
o n e  f o o t  ( 0 , 3  me t e r ) .  Th e c o n t e n t o f  3 / 4 - t o  3 - i nc h  ( 2 - t o  7 . 5 -
cent ime t er s ) coarse  fr agment s w i t h  depth  i s  s omewhat  va r i ab l e ,  b u t  gen­
eral l y  r ema ins c ons t an t  or  de c l ines  s l i gh t l y .  The propo r t ion of 3 /4- t o
5 / 64- i nch ( t wo-c en t ime t ers  t o  two-mi l l ime t ers ) coarse  f ragme nt s i s  a l s o
var i ab l e ,  b u t  gene r a l ly  dec reases  s l i gh t ly w i th dept h ,  sugge s t ing  t hat
th i s  s iz e  fract ion may r e p r e s en t  the equ i l i b r ium po i nt in the s l ak ing
proce s s  ment ioned above .

At S i t e  C ,  coarse  fr agment  c ont ent i n  the  s ur face  l ayers  ave rages  
approximat e l y  30  pe rcent  and  increas e s  to  5 0  to  6 0  percent  at  depths  o f  
f our t o  f ive f e e t  ( 1 . 2  t o  1 . 5  me t er s ) i n  a l l  s po i l s  e x c e p t  the  t wo-ye ar 
s po i l s . The propo r t ion o f  c oarse  fr agment s gr e at e r  t h an t en i nch e s  ( 2 5  
c ent i me t ers ) increases  s l i gh t l y w i th depth  o n  a l l  ages s ugge s t ing  mor e  
int ens ive s l aking of  l arge fr agment s i n  t h e  near s u r fac e . The propor­
t ion of  fr agment s  from three to  t en inch e s  ( 7 . 5  to  25  cent ime t e rs ) in  
d i ame t er increases  w i th depth  on fresh s po i l  and is va r iab l e  on o l de r  
s po i l s . The propo r t ion o f  3 /4- t o  3 - i nch ( 2- t o  7 . 5-cen t ime t ers ) coarse  
fragment s gene ra l l y de c reases  w i t h  depth  o n  t h e  f r esh and  t wo-y e ar s po il 
wh i l e  i t  increas es  s l i gh t l y o r  r ema ins c ons t an t  in  t h e  f ive-and t en-ye ar 
s po i l , sugge s t ing that s l aking has  proc eeded to  great er depth s in  t h e  
o l de r  s po i l s . The propo r t ion o f  3 / 4 - t o  5 / 64-inch ( two-c ent ime t e rs t o
t wo-m i l 1 ime t er s ) s ize co ars e fr agment s ge ne r a l l y  d e c reases  w i t h  d e p th
regard l e s s  of  s po i  1 age . The ne ar-sur face  i ncreas e  may b e  a r e su l t  o f
mat e r i al der ived from coar s er fr agme n t s  a nd s ub s t an t i a t e s  t h e  i d e a  o f  an
equ i l ib r ium par t ic le  s ize  ment ioned pre v i ou s l y .

At S i t e  D ,  t ot a l coarse  fr agment c ont ent gener a l l y  i ncre as e s  w i t h  
depth  i n  al l age s po i ls . S l i gh t  d e c re ase s at  depths  o f  f ive t o  s ix f e e t  
( 1 . 5  t o  1 . 8  me t er s ) o n  f ive - and t en-ye ar s po il s  may b e  a r e su l t  o f  
spo i l  p l ac ement me thods ( i . e . ,  part ial  h au l back  w i t h  minima l r e gr ad in g ) ;
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howe ve r ,  s uppo rt ive informat ion for th i s  c onc l us ion could not b e  ob­
t a ined .  Th e propo r t ion o f  large ( > 10- inch o r  25-c ent ime t e rs ) c oars e 
f ragment s gene ral l y  inc r eases  w i th dep th on al l age spo i l s  wh i l e  t he 
th r e e- t o  t en- inch ( 7 . 5- t o  25-c ent ime t e rs ) and 3/4- t o  th ree- inch­
( t wo- t o  7 . 5-c ent ime t e r s - )  diame t e r fragment s r ema ins appro x imat e l y  c on­
s t ant w i th depth . Th e pr opo r t ion o f  3/4- t o  5/ 64- inch ( two-c ent ime t e rs 
t o  t wo-m i l li me t e r s ) c oar s e  fragme nt s ,  as w i th the o t h e r  s it e s ,  general l y  
de c reas e s  w i th depth on al l spo i l  age s . 

L i t h o l o g i c  c o mp o s i t i on w i t h i n  t h e  s p o i l  p r o f i l e  als o c an b e
par t ia l ly c o rr e lat ed t o  depth o f  bur ia l . L i th o l og i es h igh l y  prone t o  
slak ing ,  s uc h  as the muds t ones  a t  S i t e  D ,  we re r e lat i vely lac k ing i n  the 
near- s ur fac e lay e r s  and inc r eased wi th depth . More durab l e  1 i th o l og i es 
rema ined r elat ive l y  c ons tant w i t h  depth , o r  var ied as a f unct i on o f  
spo i l  placement o r  compo s it i on . Th e s e  r e lat i onsh ips are dep i c t ed in 
F i gur e s  9 - 10 and 9- 1 1 .  

At S i t e  A ,  t he muds t one cont ent general l y  inc r eases  wi th dep th on 
f r e sh and f ive-year spo i l ,  sugge s t ing near-s ur fac e slak ing o f  th i s  l i t h­
ology . Howe ve r ,  in the t wo- and t en-year spo i l s ,  t h e  muds t on e  con t ent 
rema ins re lat ive l y  c ons tant wi th depth , w i th no apparent reason . The 
cont ent o f  carbonac eous s hale , gray shal e ,  and sands t one r ema ins r ela­
t ive l y  c ons t an t  w i th depth on al 1 spo i l s . Var iab l e  gray shale c on t ent 
at about f i ve f e et 0 . 5 me t e r )  on two- and t en-year spo ils is be l ieved 
t o  be a r e s ult o f  spo il plac ement me thods and spo il c ompos it ion . 

A t  S i t e  B,  the c on t ent o f  s ilt s t one and shale i s  var iable w i t h  
depth i n  f r e sh spo i l  but gene ral ly inc r eas e s  on the t wo - ,  f iv e - ,  and 
t en-year spo ils , s ug ge s t ing near - s ur face slak ing o f  th i s  l i t hology . Th e 
cont �nt o f  f i s s i l e  shale-li ke ch ip s ,  wh i ch are t h e  produc t o f  slak ing o f  
s ilt s t one mat er ials , generally de c reas e s  wi t h  depth e xc ept on the f r e sh 
spo i 1 .  Det e rm inat ion o f  l i tho t ype was di f f i c ult be t we en the dom i nant 
s i l t s t one and l e s s e r-preval ent sha l e  due t o  th e s im i l ar i t y  in s l ak ing 
charac t e r i s t ic s ,  e spe c ia l l y  in the s mal l e r  pa rt ic l e  s iz e s . Th e s mal l 
amoun t s  o f  sands t one wh ich are p r e s ent r ema in r e lat ively c ons tant wi th 
depth . 

A t  S i t e  C ,  t he pe rc entage o f  s i l t s t one general l y  increas e s  w i t h  
depth o n  th e fr esh spo i l , ind i cat ive o f  slak ing near the  s ur fac e .  S i l t ­
s t one c ont ent , howe ve r ,  de c reas e s  wi th depth on oth e r  age spo ils wh e r e  
spo i l  placement me thods ar e be l i e ved t o  have c onc ent rat ed s i l t s tone 
mat e r ials near the s ur fac e .  Sands t one cont ent on fr esh and two-year 
spo i l s  r ema ins r e lat ive l y  c ons tant w i t h  depth , wh i l e  f ive- and t en-year 
spo i l s  inc reas e w i th depth wh e r e  spo i l  was plac ed so as to bur y th e 
sands t one . Mine pe rsonn e l  s t at ed that s ands t one mat e r ia l s  we re c overed 
w i th s ilt s t one mat er ial s in the  bel i e f  that th e lat t e r  wou l d enhanc e 
r e ve ge tat ion by pro v i d i ng a mo re favo rable phys ical growth medi um ,  pr i ­
mar i l y  t hrough a d e c r ease in large fragment s and impr oved mo i s t ur e  ho l d­
ing capac i t y .  Th e c ont ent o f  carbonac eous shal e i s  c ons tant wi t h  dep th 
in al l spo i l s ,  wh i l e muds t one c o n t ent: 1n f r e sh spo i l  inc r eases  w i th 
depth ind icat ive o f  near-sur fac e s laking . No muds t on e  was obs e rved in 
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o l d e r  s po i l s  due e i th e r  t o  p l a c eme nt methods o r  c ompl e t e  s l aking o f  t h is
mat e r i a l  ove r  t ime .

At S i t e  D ,  t h e  mud s t one c ont ent i ncr eas e s  with  depth , s ugge s t ing 
near-s u r f ac e  s l aking of t h is l i tho l ogy . Th e sh a l e  c ont ent d e c re a s e s  
w i t h  d e p t h  o r  rema ins near l y  c on s t a nt . Th e h igh sh a l e  c ont ent n e ar t h e  
s u r f a c e  r e f l e c t s  the  incorporat ion o f  s ome mud s t one wh ich h a d  " c h ip  
s l ake d , "  t h u s  s kewing the  1 i thot ype d i s t r ibu t  ion . Th e content o f  1 ime ­
s t one and s and s t one rema ins c anst ant w i t h  d e p t h  wh ere p r e se n t  in t h e  
s po i l s .  

Seve r a l  re l at ion s h i p s  b e twe e n s l aking and phys ic a l  chara c t e r is t ic s  
s e emed c ommo n t o  a l l  s t udy s i t e s  even though d i f fe r ent mini ng and s po i l  
h and l i ng t e chn iques we re u s ed . L i tho l ogy appears t o  b e  a ma j o r  f a c t or 
i n f l uenc ing t h e  po t ent ia l for s l aking t o  o c cur . F i ne-gr a ine d  l i tho l o ­
g i e s  e xh ib i t ed the great est  de gree o f  s l aking a s  e v i denced b y  e xamina-
t ion of  s ize d i s t r ibut ion and quant it ie s  in s po i l  p r o f i l e s . C a rbona-
c e ou s s h a l e s ,  howe ve r ,  exh ib i t ed l i t t l e  evidence  of s l aking . C a re f u l  
s t u d y  o f  c o a r s e  fr agment s ize and d i s t r ibut ion a nd l i t h o l o gy w i t h  d e p t h  
r e ve a l ed the  fo l lowing re l at ion s h i p s  w i t h  s ome except ions a t  a l l  s it es 
on a l l  a ge s po i l s : 

• S l ake re s i s tant  l a rge fr agment s wi l l  pers is t a t
o r  near t h e  su r f ac e wh i l e  s l akab l e  l i tho logi es
ge ne r a l l y  o c cur in l a rge f r agme nt s  deepe r  i n  t h e
s po i l  prof i l e .

• To t a l  c o ar s e  fr agment c ont ent ge ner a l l y  i nc r e as es
w i t h  depth .

• P a r t i c l e  s i z e  d i s t r i b u t i o n u s u a l l y  b e c ome s
c o a r s e r  wi th depth .

• Some l i tho l o g i e s , ch i e f l y  shal e s ,  mud s t one s ,  a nd
s i l t s t one s ,  c an unde rgo a r ap i d  d e c r e as e  i n  fr ag­
me nt s iz e . Howe ve r ,  wh en fragme nts r e ach  3 /4- t o
5 / 6 4 - i n c h  ( t wo - c e n t ime t e r t o  t wo -m i l l ime t e r )
s iz e ,  fur t h e r  degrad a t i on a ppa ren t l y  o c curs  a t  a
muc h s l owe r rate , s ug ge s t ing t h a t  t h es e  fragment s
h ave appro ach ed e q u i l i b r ium w i t h  t h e i r  envi ron­
me nt .

• S l ak i ng i n t ens ity 1 s  i nve r s e l y  r e l at ed t o  depth
and appe ars t o  b e  min ima l b e low a d e p t h  o f  about
f ive fe et . A l t h ou gh t h e s e  gene r a l  t r end s  we re
c ommo n t o  a l l  s t ud y  s i t e s , except ions d id o c c ur .
D i f fe rences in  mining and s po i l  h and l ing me thods
a r e  p r o b a b l y  r e s p o n s ib l e  fo r t h e  b e h a v i o r a l
va r i at i on .
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9.1.5 Observed Environment al Effects of Slaking 

Slaking of mine spoils produc es a va riety of associat ed environ­
ment al effects. Some, such as ac celer ated erosion, may adversely affect 
loc al environmental qualit y. Other effects may favorably impac t the 
mine site and sur rounding area. Slaking-relat ed environment al effects 
observed 1n the field program inc luded t he following: 

• Pebble pavement formation on the spoil surface.
• Development of a surface c rust.
• Variat ions in sheet, rill, and gully erosion.
• Vegetational impac t s.
• Variations in slope stability.
• Variations in off-site damage.
• Changes in spoil hydrology.

The presence of a pebble pavement on t he spoil surface was char­
ac t er istic of all sites studied. Fr agments ranged from 1/4 inch (six 
mil 1 imeters) to  several feet in size, but were commonly 1/2 to t hree 
inches (1.2 t o  7.5 cent imeters) in diameter. The pebble pavement usual­
ly c onsisted of fr agments of slake-resist ant 1 itho logies such as 1 ime­
st one or silic a-cement ed sandstone. The pebble-pavement r anged from as 
lit tle as 30 to essentially 100 percent areal c over. Total or near 
total pebble cover appeared to assist erosion c ont rol, moisture c onser­
vat ion, and seed germinat ion. 

Spoils which had not been topsoiled commonly exhibited a c rust ed 
layer immediately beneath the pebble pavement. The crust usually con­
sisted of materials which had slaked to their inherent gr ain size. The 
thickness and compactness of the c rust are a function of t he proport ion 
of materials present that slake to their inherent gr ain size, the amount 
of machinery t raffic traversing the area, and moisture content at t he 
time of t r affic c rossing. In gener al, spoils c ontaining great er propor­
tions of materials which exhibited this t ype of slaking and sustained 
heavy t raffic when wet had a thicker and more compact surface c rust. 
Spoils commonly displayed c rusts from 1/2 to five inches (one to 13 
centimeters) thick. The development of a surface c rust appeared most 
pronounced where mudstone materials comprise a large amount of t he 
surface spoil, as a t  Site D. Muds tones at this site slaked rapidly to  
their c onst ituent gr ain size (principally silt and clay). The fine par­
t icle size and mudlike consistency of moist slaked mudstone appeared to 
promote compact ion by machinery tr affic and the format ion of t he surfi­
cial c rust. Crust ing appeared to  be somewh at alleviated over time by 
the est ablishment and cont inued growth of veget at ion with vigorous root 
systems. This conc lusion is based on observat ions of two-year (recently 
veget at ed) spoil and ten-year (est ablished vegetation) spoil at  Site D. 
In cont r as t  to  Site D, spoils c ontaining a high percentage of dur able 
ch ips or slabs in the surface, as at Site B, exhibited the least c rust ­
ing. The presence of dur able fr agments (e.g. shale/siltstone chips or 
1 imestone/sandstone fragments) appeared to partially offset compact  ion 
and c rust formation at the spoil surface. 
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Sheet, ril l, and gul l y  e rosion was observed to  oc cur to varying 
degrees on a l l spo i l s .  Spoils cont a in ing a h igh proport ion of ma t e r ia ls 
wh ich sl ake to the i r  inhe rent gr ain s ize  exh ib i t ed the most seve re 
e ros ion . Conve rse l y, spoils w i th a h igh pe rcentage of s l ake -resist ant 
rocks we re least affe c t ed by e ros i on. Conc ent r at e d  surfac e wa t e r  move­
ment e ith er by d i ve rsion or as a resul t of t opogr aph ic configurat ions 
c re at ed nume rous r il ls and oc c asional deep gul l ies . Th is was most 
not ic e ab l e  on spo i ls with a h igh proport ion of ma t e ri als wh ich sl ake to 
th e ir inhe rent gr ain size, as at S i t e  D.  As pr eviousl y ment ioned, t h e  
presence of a durabl e pebble  pavement was observed to b e  effe c t ive in 
cont ro l l ing sheet  e rosion and is a s ignific ant e rosion c ont rol fac tor on 
many spoils, in part icular  at Sit es B and C .  Spoils at  these sit es, 
consist ing pr incipa l ly of durable  sil t stone and sandstone with a h igh 
percent age ( e . g . ,  gre a t er t han 7 0  pe rcent )  of pavement cove r, appeared 
to  h ave few e ros ion probl ems . Rock r ipr ap in drainage and d ive rsion 
d it ch es, where  composed of sl ake -resist ant rocks, prevents down-cut t ing . 
St abl e  rock r iprap genera l l y results  in U-sh aped d i t ches, wh il e  sl ake­
prone r iprap typic a l l y  yie l ds V-shaped d i t ch es with act ive down-cut t ing . 
Some st re am dive rsions at  S i t e  D we re obse rved t o  h ave fa il ed or ex­
h ibit ed significant e rosion due to a l ack of dur ab le r ipr ap . 

Sl aking in mine spoils c reat es both ad ve rse and benefic ial effe c t s  
on ve ge t at ion . Adverse effects  inc lude dense c rust ing of the surfac e  
wh ich impedes seed ge rminat ion, roo t prol ife rat ion, and moisture infil ­
t r at ion . Wh ere spoils consist of a h igh proport ion of mat e r ia ls wh ich 
sl ake t o  their inhe rent gra in s ize, compac t, dense sub l aye rs a lso oc cur, 
imped ing deep root pene t ra t ion. Benefic ial effects  inc l ud e  the  produc ­
t ion of fine part ic l es resu l t ing in a sui t abl e b l end of coarse and fine 
mat e r ia ls to provide physic al  suppor t  to p l ants, al low e asy root pro l if­
erat ion, and store suffic ient amounts of p l ant -ava i l ab l e  wa t e r . Spoils 
cont a ining approximat e l y  equal proport ions of ma t e rials wh ich sl ake to 
t h e ir inhe rent gr ain size and rocks wh ich ch ip sl ake or sl ab or b l oc k  
sl ake general ly provide an exce l lent phys ic al medium for p l ant growth .  
Alt hough i t  coul d not be obse rved dire c t l y  in t he fiel d, it is probab l e  
that  sl aking also increases p l ant -ava il able nut r ients  in spoils . Since 
sl aking invol ves a decre ase in fr agment size, spe cif ic surfac e area in­
c reases, thus exposing more ma t e r ial  t o  ch emic al  we at hering and subse­
quent mobil iza t ion of p l ant nut r ients . 

S l ope s t abil i t y  also was found t o  be re l a t ed t o  the  sl aking mode of 
spoil s .  Th is is irrespe ct ive of the va r ia t ions in bul k density wh ich 
are known t o  affe ct  st abil it y (Se c t ion 9 . 1 . 4) .  Spoils in wh ich ch ip, 
sl ab, or bloc k  sl ak ing dominat es genera l ly h ad l i t t l e  or no st abil ity 
p robl ems . Spoils in wh ich ch ip s l aking is dominant appe ared to  be ex­
c ep t iona l l y st ab l e .  The ch ips form an inte r locking ma t r ix wh ich is ve ry 
resis t an t  to bul k  movement . The same phenomenon of inte r locking frag­
ments o ccurs, to a l esse r  ext ent, in s l ab or b l oc k  sl aking mat e r ials . 
Spoils which sl ake t o  their inherent gr ain size  may have s t abil ity 
prob l ems as evidenced by sl ips, bu l ges, sl ides, or simil ar features .  
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O f f-s it e damage may o c cur as  a resul t o f  s l ak i ng in mi ne spo i l s ,  
par t icul a r l y  wh en mat e r i a l s  wh i ch s l ake t o  t h e i r  inhe rent gr a in s iz e  are  
pr e s ent  in  l arge quant i t ies . I t  i s  o f t en a s soc i at ed wi th e x c e s s ive e ro­
s ion r at e s  and occur s  in the  form o f  increas ed s ed ime nt l oads and s t ream 
s i l t at ion . Ch ip s l ak i ng and s l ab or  b l oc k  s l ak ing we re not  obs erved  t o  
s ign i f icant l y  c ont r ibut e t o  o f f-s i t e  damage . 

S po i l  hydrol ogy and it s i n t eract ion w i t h  s l aking we re obs e rved t o
be a c ompl ex proces s .  Cont r a ry t o  the  general  opin ion that s po i l s  a r e  
h igh l y  p e rme ab l e ,  f r e e  d r a i n in g ,  and ret a in 1 i t t l e  wat e r ,  s po i l s  we re 
found to  be e f fe c t ive wat er r e s e rvo i rs ; pe rched  wa t e r  t ab l e s  we re found 
with in f ive feet o f  the s ur face  in seve ral  t e s t  p i t s . General l y ,  t h i s  
cond i t ion i s  re l a t ed t o  s l aking  a s  a d e c re ase i n  part i c le s iz e  and a n  
increase  i n  near-s ur face dens i t y .  

Sur face  wa t e r inf i l t rat es t h e  spo i l  s ur fac e by  t wo me ans inc l ud ing 
c a p i l l ary  act i on of smal l pores  and ent ry into large c rac ks and vo ids . 
Cap i l l ary act ion i s  the  mos t  impo rtant me ans o f  in f i l t r at ion ; howeve r ,  
gravi t y  dra inage o f  wat er into  l arge r s ur face  vo ids s uch as s h r i nkage 
c r ac ks was observed to o c c ur . 

W i t h in the s po i l  pr o f i l e ,  wa t er move s b y  one o f  t h r e e  ways : 

• Cap i l l ary ac t ion
• Grav i t at ion a l  dra inage
• Vapor t rans po r t .

Vapo r t rans po r t  cou l d  not b e  d irec t l y  obs e rved in t h e  f ie l d ;  how­
eve r ,  e v idence o f  c ap i l l ary and gravi t at iona l  movement s wa s s een . The 
pre sence  o f  a we t t ing front wa s noted  in s eve ral t e s t  p i t s  excav a t ed 
imme d iat e l y  af ter  a r a in showe r .  Grav itat ional drainage wa s s e en i n  
numerous  p r o f i l e s ; t h i s  t ype o f  wa t er moveme nt i s  u s ua l l y  c once n t r a t e d  
in  l arge vo ids  and pores . Roc k  fragment s pres ent i n  a n d  a round t h e s e  
vo i d s  appe ared t o  s l ake mo re rap i d l y  or  t o  a great e r  ext ent as  a r e su l t  
o f  expos ure t o  r e l a t ive l y  large quant it i e s  o f  wat e r .

E a s t ern and midwe s t e rn coal  f ie l d s  r e ce ive pr e c i p i t at i on f a i r l y  
we l l  d i s t r ibut ed throu ghout t h e  ye ar ( Ch ap t e r  6 . 0 ) .  Cons equent l y ,  
cyc l ic we t t ing and dry i ng appea r  t o  b e  c o n f ined t o  appr oxima t e l y  t h e  
u pper four t o  f ive feet ( 1 . 2  t o  1 . 5 me t er s ) o f  the  s po i l pr o f i l e ,  and
ext r eme d e s ic c at i on i s  l imi t ed t o  the t o p  t wo feet  ( 1 . 2  met er s ) .  Be l ow
th i s  zone , t h e  mo i s t ur e  regime in mine s po i l s  appe ars t o  b e  r e l at ive l y
s t ab l e . The depth o f  c yc l ic  we t t ing and d ry i ng appe a rs t o  c o in c id e  wi t h
the  depth  o f  obs e rved s l aking i n  many s po i l  prof il e s . A l though t h e
t empe rat ure va r iat ions d i f fe r  b e t ween s it e s , a n y  impact  o f  i c e  forma­
t io n ,  i f  it ex i s t e d ,  wa s mas ke d  by  other  s l ak i ng act ions .

9 . 2  LABORATORY TESTING PROGRAM 

As d e s c r ibed i n  Ch apt e r  8 . 0 , the pr inc ipa l  a ims o f  the  l aboratory  
progr am we re d i rect ed t owa rd : 
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• Assessing the applicabi l i ty of specific acce l er­
at ed rock weathering t ests to  pr edic t l ong-t erm
f ie l d  behavior.

• De te rmining re lat i onships that may exist be twe en
simp l e  index or sophisticat ed quantitat ive t e ch­
niques and the observed laboratory durabil ity
behavior.

• Quant ifyi ng, if possib l e, t h e  t ime - d epe n d e n t
r e lat ionships that exist betwe en laborat ory rock
degradat ion and obse rve d pe rformance unde r f ie l d
condit ions.

The first two points wi l l  be ad dr essed in  the fo l lowing subsec t ions 
wh i l e  the l at t er point wi l l  be examine d in Sec t ion 9. 3. 

9. 2. 1 Durabi lity Tests

The durabi lity t ests se l e c t ed for study consisted of jar slake, 
cyc l ic we t /d ry, cyc lic rat e of s laking, and the slake durabil ity t ests 
(Se c t ion 8. 2). These t ests we re se l e ct ed because t he inf l uence of a 
wide range of parame t ric effe cts  c ou l d  be c lose l y  examined using pro­
c e d u r es t hat  had p rov e n  prev i ous su c c ess. The various pa rame t ric  
fac tors consist of the  fol lowing : 

• Sampl e  Size - Coarse sampl e  fragments ranging
from 1-1/2 to two inches (38 to 51 mil lime t ers)
and f i ne sampl e  fragments  ranging from 1/4 to 3/4
inch (six to 19 mil l ime t e rs).

• Slak i ng Fl uid - Disti l l ed wat e r  and 50  pe rcent
so l u t i ons of e t hy l e ne  g l yc o l  (ja r s l ake)  and
sodium su lfat e (cyc l i c  we t/d ry).

• Tempe rat ure - 6 5  and 1 1 0  degrees Ce l sius (cyc lic
rat e of slaking t est on ly).

• E n e r gy I nput  - Varying from n e g ligib l e  (ja r
s lake), t o  moderat e (cyc lic we t /dry and rat e of
slaking), t o  substantial (sl ake durability  t est).

Be cause each of these fact ors may c on t ro l, to  some degree, the sl aking 
behavior of geologic mat er ials, and surfac e mine spoils in par ticular, 
the t est ing program repr esents a comprehensive a t t empt t o  ident ify t he 
key fac t ors affec t ing this behavior. 

As shown in Tab l e  9. 2, 1 28 individual durability t ests we re  con­
duc t ed using 14 l i tho l ogic un i ts c o l l ect ed from four diffe rent ac t ive 
surfac e mining s i t es. These litho logi c un its  inc luded four sandstones, 
two l imestones, two si l t st ones, three mudstones, and three shal es. 
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w .c--

TABLE 9 . 2  
SUMMARY OF DURAB IL ITY TEST RESULTS 

JAR SLAKE(2 ) 

SITE LITHOTYPE COARSE FINE 

WATER ETHYLENE WATER ETHYLENE
GLYCOL GLYCOL 

Brown Sandstone 0 2.7 0.5 0.5 

Gray Shale I I .  7 14.8 0.4 0.3 

A Green Mudstone • • 4 7  .5 51.9 

Black Carbonaceous Shale 21.8 26 . 2  0.5 0 . 2  

Gray Limestone • • • • 
B Gray S iltstone 3.7 0 I. 6 0 

Yellow Sandstone 0 0.3 • • 
C Wh ite Sands tone 0 o 0.3 0.3 

Gray S i l tstone 31.4 25.4 • • 
Brown Sandstone 5.4 3.4 • • 

Gray Shale 38.3 32.6 1 3.5 1 6.9 

D Green Mudst one 1 3.3 9.7 19.5 10.9 

Red/Green Mudstone 85.6 • • •
Gray Limest one • • • • 

( ! )All numbers expressed as percent.
( 2 )Numbers in columns represent Degradat ion Index ( DI) values .

(See Appendix A. 4.0 for comput at ional procedure.) 
(3 ) 2-cycle slake durability index.

DURABILITY TEST( l) 

CYCLIC WET/DRY( 2 ) CYCLIC RATE OF SLAKE (2 ) 

COARSE FINE COARSE FINE 

WATER SODIUM WATER SODIUM 65·c 1 1 o·c  65"c  1 1 o·c SULFATE SULFATE 

2.0 4.9 0.8 0.3 0 0 0.8 0.3 

31.6 34.2 o. 7 0.7 40.9 52.5 1. 2 J.8

76.6 1111 56 . 6  30. 7 • • 48. 7 58.6

42 . I 52.J 2.1 0.8 1111 35.2 I. 9 J. 2 

• • • • • • • • 
75.2 72.2 26.5 1 6.4 0 76.2 12.l 24.3 

0 0 • • 0 0 • • 
o o 0.6 0.7 o 0 1.2 0.5 

24.4 25.7 7.5 3.0 26.8 31. 6 • • 
0 18 . 1  • • 10.4 7.5 • • 

4 1 .  9 64.4 4 2 . 0  32.6 80.5 87.5 45.7 57.6 

20 . 6  2 1 .8  27 .4 15 . 3  2.3 24.2 21. 2 22.6

92. 7 • • • • • • •
• • • • • • • •

LEGEND 

e - No test performed.

Ill - Test performed;  sample crushed for X-ray pr ior to sieving. 

SLAKE 
DURABILITY 

( 3 )Id2 I -I d2 

99.0 l .O

87 : 6  12.4 

87.1 12.9 

97 . 6  2.4 

99.3 0.7 

98.5 l.5

97 .1 2. 9 

97.7 2.3 

94.3 5.7 

99.5 0.5 

98.3 I. 7 

75.7 24.3 

63.4 36 . 6  

99. 7 0 . 3  



Be c au s e  the d e t e r iorat ion o f  l ime s tone typi c a l l y  does  no t oc cur th rough 
phys i c al mode s ,  durab i l i t y  t es t ing for th is  rock t y pe wa s l im i t ed t o  
t wo-cyc l e  s l ake dur ab i l i t y  t es t s ,  Dur ab i l i t y  t es t ing o f  o t he r  l i tho­
t ype s wa s l imited  onl y  by the ava i l ab i l i t y  of the requ i re d  quant it ie s 
and s iz e s  o f  mat e r ia l s . When ne c e s s ar y ,  c o arse  s ampl e s  u s i ng d i st i l l ed 
wat e r  as a s l ak i ng f l u id we re given pr e fe rence becau s e  sampl e par t ic le 
s iz e  af fe c t s  the amount and ra t e  of  det e r i orat ion and d i s t i l l e d  wat er is 
more read i l y  ava i l ab l e  for t e s t i ng than the oth e r  s l ake f l u id s . 

Th e de gradat ion index ( D I )  wa s us ed t o  quant ify  the de t er iorat ion 
of the t es t ed ma t e r ia l s  for the j a r s l ake , c yc l ic we t /d r y ,  a nd cyc l ic 
rat e of  s l ak ing t es t s . Val ue s  o f  the  degrad a t ion index for  th ese  t es t s  
we re re ad i l y  obt a ined from t he re s u l t s o f  gra in s ize  anal yses  mad e  pr ior  
to  and f o l l owi ng s l ake t e s t ing . The l im i t s  for th i s  index range from 
z e ro ( no bre akdown ) t o  100 pe r c en t  ( c omp l e t e  b r eakdown ) .  The s l ake dur­
ab i l i t y  index ( Id ) ,  wh ich repr e s e n t s  the pe rc ent rat io of  th e re t ai ne d  
d r y  s ampl e we igh t  fo l lowing t e s t i ng t o  t h e  ini t ia l  d r y  sampl e we igh t ,  
was used  t o  de f ine the s l ake durab i l i t y  t es t  r e s u l t s ,  Nume r ic a l  s ub ­
s c r i p t s t o  Id ( e . g . , I d 2 ) a r e  presented  t o  ind i c at e  th e numb e r  o f  t e s t ­
i n g  cyc l e s  used  t o  de t ermine t h e  index va l ue . For purpo s e s  o f  c ompar i­
son w i th the other  dur ab i l i t y  t es t  re s u l t s ,  howe ve r ,  the  t erm ( 1  - I d 2 )
i s  used  t o  de f ine a degradat ion index for  th e s l ake dur ab i l i t y  t e s t . 

9 . 2. 1 . l  Jar S l ake Te s t  

Th irt y-s eve n  j ar s l ake t e s t s  we re c onduc t ed t o  asc e r t a in t h e  s u i t ­
ab i l i t y  o f  th is t es t ing p r oc edur e fo r pred i c t ing f ie l d  s l ak ing beh avior . 
O f  th e seve ra l  t es t ing proc edur e s  empl oye d  dur ing t h i s  program ,  t h e  j a r  
s l ake t e s t  represents  a st at ic  t es t ing me thod t h at invo lves  neg l i g ib l e  
ene r gy i nput i n  t h e  fo rm o f  e ither  h e a t  o r  me ch anical  e f fo r t . Accord­
ing l y ,  t he po tent ia l  range o f  val ue s ( D I )  that  migh t  b e  expe c t ed i s  
sma l l er than for the other  t e s t  type s .  As such , t h i s  t e s t  m i gh t  b e  mos t  
c l os e l y  r e l a t ed t o  s po i l  mat er i a l s  l o c at ed at depth  and w i th in a con­
s t ant  humi d it y  or t ot a l l y  s at urat ed envi ronment . 

As shown in Tab l e  9 . 2 , va l ue s  o f  the  degradat ion index r anged f r om 
0 t o  85 . 6  pe rc ent . Th e  me an D I  fo r a l l j a r  s l ake t es t s  is 1 5 . 5  pe rcent  
and can be used  as a re l at ive me asure o f  th e seve r i t y  of  other  s l ake 
t e s t s . The val ue may b e  s omewh at b i ased by the  l im i t e d  quant i t i es o f  
s amp l e  ava i l ab le fo r the  green ( S i t e  A )  and red/ green ( S i t e  D )  mud ­
s tone s . In ge ne r al , t h e  D I  va l ue s  we re th e sma l l e s t  for the s ands tones 
( ind i c a t ing the  great e s t  durab i l i t y )  and the l arge s t  for the mud s t ones . 
The s i l t s t one s and sha l e s  we re w i t h i n  th ese  ext reme s and i nd i c at ed no 
read i l y  apparent t re nd s . 

The summary o f  D I  va l ue s  fo r the j a r  s l ake t e s t s  ( Tab l e  9 . 2) shows 
the in f l uenc e of fr agment s ize , us ing e i th e r  of the  s l ak i ng f l u id s , 
part i c u l ar l y  for th e l e s s  d ur ab le l i th o l o gi es . Th is  sugge s t s  that  ma t e ­
r ia l s  sma l l er than a part ic u l a r  part ic le s ize  ( Sect ion 9 . 1 . 4) may a t t a in 
an equ i l ibr ium wi t h  the sur round i ng envi ronme nt and the reb y  r e s i s t  
fu rther  bre akdown . Th is fac t or wa s mos t read i l y obse rved fo r t h e  sh a l e  
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and silt st one samples which broke down along randomly spaced bedding 
planes within several hours to days following immersion. The series of 
photographs in Figure 9-12 documents this behavior. It should be noted 
that t he t wo sample baskets  shown in each port ion of Figure 9-12 contain 
the total sample weight for each lithotype and do not represent separat e 
t ests. 

The impact of slaking fluids for these t ests was not as influent ial 
as the size effect .  The great er degradation indices were t ypically 
achieved using dist illed water as the slaking solution. For most t ests 
using a coarse fragment size sample, the difference in DI for the t wo 
solut ions is generally less than five percent and somewhat smaller for 
the fine fract ion. 

Several addi tional paramet ers (e.g., water cont ent and fluid pH) 
were examined in relation to the jar slake t est, as with all the dura­
bility t ests. These will be discussed in Section 9.2.2. 

9.2.1 , 2  Cyclic Wet/Dry Test 

The cyclic wet/dry test represents an at tempt t o  model t he con­
ditions that may exist near or at the surface of spoil piles. The 
behavior of spoils wi thin this zone will most likely be cont rolled by 
alt ernate wett ing and drying from rainfall and infilt rat ion followed by 
evaporation. 

The energy  input for the cyclic we t /dry  t est is significan tly  
greater than the minimal effort imparted during the jar slake t est and, 
therefore, represents a more severe t est ing procedure. The alt ernate 
wet t in g  and drying cycles can lead to a gradual breakdown along planes 
of weakness for anisot ropic sediments (siltst ones and shales) or sudden 
to  gradual disaggregat ion for more homogeneous or isot ropic mat erials 
(mudstones) . Because of this, the degree of slaking is expect ed to be 
greater for this t est . 

As shown in Table 9.2, 4 1  cyclic wet/dry tests were conduct ed on 
all the lithologies used for the jar slake t ests. The overall range of 
degradat ion index values was generally higher (mean DI = 24. 7 percent ) 
for this t esting method than observed for the jar slake t ests. This 
conclusion is typically t rue for both sample sizes and slaking fluids. 
As noted previously for the ja r slake t ests, sandstones suffered very 
lit tle deteriorat ion and mudstones the great est ; siltstones and shales 
again occur bet ween the ext remes. The most noticeable difference devel­
oped from this test versus the jar slake test was for the coarse shale 
and siltst one samples wh ich are particularly sensitive to  the wet t in g  
and drying process. A typical example of this was the significantly 
great er breakdown of the gray siltst one from Site B. 

Figures 9- 1 3 and 9-1 4  clearly show the pat t ern of breakdown and the 
influence of cyclic wett ing and drying from the init ial condi tion to the 
complet i on of t he fift h cycle. The pa t t e rn of de t er iorat ion was 
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I N ITIAL 

E N D  O F  DAY 3 

END  O F  DAY 5 

G RAY S ILTSTON E - S ITE B 

FRAG MENT S IZE: COAR SE 

SLAKE FLU ID :  WATER 

EXA M PLE O F  JAR S LAK E TEST R ESU LTS 
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a }  SLAKE FLU ID :  WATE R 

I N ITIAL 

EN D O F
CYCLE 1 

b } SLAKE FLU ID : SODIUM S U LFATE 

GRAY S ILTSTO N E  - S ITE B 
FRAG MENT S IZ E :  COARSE 

EXAMPLES  O F  CYCL IC  WET/DRY TEST R ESU LTS 
S LAKE FLU I D  E FFECTS - I N IT IAL, CYCLE 1 
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E N D  O F  
CYC LE 3 

EN D O F  
CYCLE 5 

a ) S LAKE FLU ID :  WATER b )  SLAKE FLU I D :  S O D I U M  S ULFATE 

GRAY S ILTSTO NE - S ITE B 
FRAG M ENT SIZE : COARS E  

EXAM PLES OF CYCL IC  WET/ D RY TEST R E SU LTS 
S LAK E FLU I D  E FF ECTS - CYCLE 3 ,  CYCLE  5 
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initially similar to that observed previously at the conclusion of jar 
slake tests for shales and siltstones (Figure 9-12). However, with in­
creasing numbers of cycles, the breakdown was more complete result ing in 
fractures along th inly spaced bedding planes (approximately 1 /8- to 1 /4-
inch [three- to six-millimeters ] thick) . Subsequent breakage across 
bedding planes was also observed for a few individual rock fragments . 

The breakdown for the coarse mudstones followed a diffe rent pattern 
that apparently was uncontrolled by any observable rock fabr ic .  The 
slaking behavior for the mudstones was manifested b y  nearly complete 
disaggregation along random planes as depicted in Figures 9-15 and 9-16 . 
For the red/ green mudstone from Site D (Figure 9-15) , t he process began
almost instantaneously upon immersion, wh ile the green mudstones b roke 
down more slowly requir ing one or more complete soaking cycles for 
1n1t iat ion . The pattern of disintegration for the green muds tone from 
S ite A (Figure 9- 1 6) was also slightly different in that certain p ieces 
remained nearly intact with only a small amount of cracking and sur­
ficial rounding . Breakdown for the fine fract ion was generally less 
severe but followed the same general pattern observed for t he coarse 
samples , 

The influence of sample size was similar to that observed for the 
jar slake tests . D I  values for the coarse fraction we re greater than 
cor responding values determined for the fine sample components . W ith 
the exception of the mudstones, the durability of the var ious litholo­
gies was strongly affected by sample size, indicat ing that at part icle 
sizes of 3/8 to 1 /2 inch ( 1 0  to 1 3  millimeters) and smaller, the influ­
ence of rock fab r ic was minimal . Conversely, the mudstones cont inued to 
break down with increasing numbers of cycles . 

The selection of a 5 0  percent saturated solution of sodium sulfate 
as a slaking fluid resulted in slightly greate r b reakdown compared with 
similar samples in distilled water .  Th is is attr ibutable to the effect 
of alternate dissolut ion and recrystallization of the sodium salt . 
Application of a more concentrated solution would likely provide little 
additional advantage over the observed results and may possib ly have 
masked them by causing very complete breakdown for all samples except 
the most durable . Based upon the results attained for both solut ions, 
wetting and drying effects are dominant over the influence of sodium 
sulfate . 

9.2.1.3 Cyclic Rate of Slaking Test

The cyclic rate of slaking test is designed to model the effects of 
temperature and duration of wett ing on the slaking process . Because 
surface mine spoils, particularly with in the uppe r portions, are sub ­
jected to frequent but incomplete wett ing and drying cycles, th is test 
method may most accurately represent surficial in situ field conditions 
of all the durability tests . 
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INITIAL END OF CYCLE 1 

END OF CYCLE 3 END OF CYCLE 5 

FRAGMENT SIZE: COARSE 
SLAKE F LU ID : WATER 

EXAMPLE OF CYC LIC WET/DRY TEST RESU LTS 
RED/GRE EN MUDSTONE - SIT E D 
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I N ITIAL END  O F  CYCLE 1 

END OF  CYCLE 3 END  O F  CYCLE 5 · 

FRAGM ENT S IZE :  COARSE 
SLAKE FLUID :  WATER 

EXAM PLE O F  CYCL IC WET/DRY TEST RESULTS 

GREEN  MU DSTON E  - S ITE A 
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The pr ima ry d i f ferenc e s  betwe en the  cyc l i c we t /dry  t e s t  i n  wa t e r  
and t h e  cyc l ic  r at e  o f  s l ak i ng t e st  a r e  t he durat ion o f  s o ak i ng ( e igh t 
hour s ve rsus  t wo hour s )  and t h e  dr ying t empe rature  (1 10 degrees  ve rsus 
6 5  degr e e s  Ce l s ius and 1 1 0  degrees  Ce l s iu s ) .  Because  the dur at ion of  
soak ing ,  dry ing t empe rat ur e ,  and numb e r  o f  c yc les  have an e f fe c t in c on­
t r o l l i ng the dur ab i l i t y  b eh av ior , the t e st  proc edure wh ich impar t s  the  
lowe s t  ene rgy l eve l to  the  sampl e 1s  expe c t ed t o  c au s e  t h e  sma l l e r  
amount o f  s ampl e d i s t r e s s . 

From the r e sul t s  o f  3 6  cyc l i c ra t e  o f  s l aking t es t s  s umma r iz e d  i n  
Tab l e  9 . 2 ,  t h e  impact  o f  t he shor t er soak ing cyc le  and l owe r d ry i ng t em­
pe r at ure  ( fo r  65 degrees  Ce l s iu s on l y )  is  sma l l  but not i c ea b l e  c ompared 
with the cyc l ic we t /dry t e s t s  in wa t er .  Th e ave rage DI fo r t hes e t es t s  
i s  2 2 . 6  percent  wi th va l ue s  r anging from O t o  8 7 . 5  pe rcent . As noted  
with  th e cyc l ic we t /d ry t e s t  r e su l t s ,  the  s and s t on e s  exh ib i t ed the least  
d e t e r iorat i on wh i l e  the  s i lt s t ones , shal e s ,  and muds tones ach ieved 
great e r  degrees  o f  b r eakdown . Al so , t h e  obs e r ved  pat t e rns o f  b r eakdown 
for t h e s e  s amp l e s  we re ne a r l y  i dent ical  t o  t h o s e  desc r ibed  for t h e  we t /  
dry t es t s .  

T h e  i mp a c t o f  d r y i n g  t empe r a t u r e  wa s g e n e r a l l y  s ma l l  f o r a l l 
l itho l o g ie s  and fr agment s iz e s , but wa s none t h e l e s s  apparent . The mos t
r e ad i l y  d i sc ernib l e  e f fect wa s obs erved  i n  the  l eas t dur ab l e  mat e r ial s
( e . g . , s i l t s t one s ,  sh a l e s , and muds tone s ) .  As expe ct ed ,  degr adat ion
ind i c e s  t ended t o  incr ease  with h ighe r  t empe r a t ur e s  and c o ar s er s amp l e s .

9 . 2 . 1 . 4  S l ake Durab i l i t y  Te s t  

Th e s l a ke d u r ab i l i t y  t e s t  wa s o r i g i na l l y  d e v e l o p e d  t o  p r o v i d e  
in format ion regarding the  po t ent ial  we at herab i l i t y  o r  s l akab i l i t y  o f  
geo logic  mat e r i al s .  The t e s t ing procedure requ i re s  t h at sma l l rock 
fragme n t s  are s ub j e c t ed to  c yc l i c we t t ing and drying c omb i ned with a 
mech an i c a l  t umb l ing act ion .  For surface  mine  s po il s ,  t h i s  p r oc e s s  may 
b e  i nd ir e c t l y  c ons idered as part o f  the  excavat ion , pl acement , a nd agi ng 
as pe c t s  o f  s po il p i l e  degradat ion ( Se c t ion 7 . 2 . 2 ) . 

Tab l e  9 . 3  presents  the  resul t s  o f  14 s l ake dur ab i l i t y  t es t s  in  the  
form of  one- and two-cyc le  s l ake dur ab i l it y  i nd i c e s  ( Id 1 and Id2 ) and a
t wo-cyc l e  dur ab i l i t y  desc r ipt ion ( Gamb l e ,  197 1 ) . Tab l e  9 . 2 presents  a 
s l i gh t  va r iat ion ( Id2 and l - Id2 ) t o  al low for  c ompa r i so n  wi th the  de­
gr adat ion index va lues  deve l opea for  the  j a r s l ake , c yc l ic we t /d r y ,  and 
c yc l ic r a t e  o f  s l aking t e s t s .

Val ues o f  Id r ange from 99 . 7  percent  ( gray  l ime s t on e  - S i t e  D )  t o
6 3 . 4  percent  ( redTgreen muds tone - S i t e  D ) . Th e s e  va lues  gener a l l y  f a l l 
wi th in the ve ry h igh t o  me d ium h i gh durab i l i ty r ange and , w i th t h e  ex­
c e p t ion of the  green and r ed / gr e en mud s tones f r om S it e  D,  r eve al  l it t l e  
var iat ion for the  wide r ange o f  t es t ed mat e r i a l s .  The l ime s tones and 
s and s t one s al l ind i c a t e  h igh to ve ry h igh durab i l i t y  wh i l e  t h e  muds tone 
durab i l it ie s  r ange from med ium to med ium h igh ( F igur e 9-17 ) . As ob­
s e rved fo r the other  dur ab i l i ty  t e s t s , the  s i l t s tones and shal e s  f a l l 
b e t we en t h e s e  boundari e s . 
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TABLE 9 .  3 

SUMMARY OF SLAKE DURABILITY  TEST RESULTS 

SLAKE DURABILITY 
INDEX 2-CYCLESITE LITHOTYPE DESCRIPTION( l )  

1-CYCLE 2-CYCLE
Id l Id2
( % )  ( % )

Brown Sands tone 99 . 4  99 . 0  Very High 
Green Muds tone 94 . 5  87 . 1  Med ium High 

A Gray Limestone 99 . 5  99 . 3  Very High 
Gray Shale 97 . 0  87 . 6  Med ium High 

Black Carbonaceous Shale 99 . 3  97 . 6  High 

B Gray Sil t s tone 99 . 1  98 . 5  Very High 

Gray Sil t s tone 97 . 1  94 . 3  Med ium High 
C Ye l low Sandstone 98 . 2  97 . 1  High 

Wh ite Sands tone 98 . 7  97 . 7  High 

Gray Limes tone 99 . 8  99 . 7  Very High 
Brown Sandstone 99 . 7  99 . 5  Very High 

D Gray Shale 99 . 2  98 . 3  Very High 
Green Muds tone 91 . 0  75 . 7  Med ium 

Red/Green Muds tone 85 . 1  63 . 4  Med ium 

( 1 )  Gamble , 197 1 . 
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END O F  CYCLE 1 

E N D  O F  CYCLE 2 

a )  BROWN SANDSTON E  - SITE A b )  RED/G REEN MUDSTON E - S ITE D 
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With the exception of tests performed for the limestones and 
shales, values of 1-Id2 ( Table 9. 2) do not show a strong correlation
with c orresponding DI values determined using the other durability test 
procedures. In a few cases, a similarity does exist between DI values 
for the fine c omponent ( e. g. , green mudstone - Site D). The existence 
of pooi::. correlation between slake durability tests and the other meth­
ods, irl, most cases, suggests that this method may not properly simulate 
in situ conditions. 

9. 2. 1. 5 Summary of Durability Test Results

The princ ipal obje ctive of the durability testing program was 
directed toward evaluating each of several testing procedures to ascer­
tain the method or methods for best identifying and ultimately predict­
ing the durability of geologic sediments c omprising surface mine spoils. 
To do this, a wide range of parameters was selected for study and exam­
ined in detail. These include rock fragment size, slake fluid, soaking 
and drying cyc les, temperature, and energy input imparted during the 
testing procedure. Each of these factors is evaluated below by compar­
ing similar test results as presented in Table 9-4). 

• Fragment Size - The size of sample fragments was
shown to be important for all durability tests in
which this parameter was c onsidered. In general,
the coarse samples developed greater breakdown
for all fluids and temperature c onditions. The
most noticeable changes o c c urred for thinly
bedded, anisotropic sediments, such as siltstones
and shales. Consequently, for a c omplete identi­
fication of slaking potential to be made, c on­
sideration must be given to testing samples of
sufficient c oarseness and representative of the
expected sample size following excavation and
spoiling. The results of these tests suggest
that samples with fragment sizes approximately
one inch ( 25 millimeters) or larger be used and
that some modification of the slake durability
test may be required to accommodate this recom­
mendation.

• Slaking Fluid - From the results of these tests,
the application of 5 0  percent solutions of either
sodium sulfate or ethylene glycol can lead to
slightly greater breakdown compared to distilled
water. However, distilled water is recommended
for future studies because it is more readily
available, easier to handle, and its influence
during testing was observed to be only slightly
less than that of the chemical fluids.
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TABLE 9 . 4  

SUMMARY OF DEGRADATION INDICES (D I )  FOR COMPARABLE TEST CONDIT I ONS (l) 

DEGRADATION INDEX , D l  (% )  

SITE LITHOTYPE FRAGMENT 
SIZE CYCLIC WET/DRY JAR SLAKE TEST 

TEST 

Brown Sandstone 
Coarse 2 .0  

Fine 0. 8 

Gray Shale 
Coarse 3 1 .6  
Fine 0 . 7  

A 
Green Hudstone 

Coarse 76. 6 
Fine 56. 6 

Black Coarse 42. 1 
Carbonaceous Shale Fine 2 .  I 

B Gray Siltstone 
Coarse 75 . 2  

Fine 26 . 5  

Yel low Sandstone 
Coarse 0 

Fine • 
C White Sandstone 

Coarse 0 
Fine 0 . 6  

Gray Si l t stone 
Coarse 24 . 4  

Fine 7 . 5  

Green Hudstone 
Coarse 20 . 6  
Fine 27 . 4  

Gray Sh ale 
Coarse 4 1 . 9  

Fine 42 . 0  
D 

Brown Sandstone Coarse 0 
Fine • 

Red-Green Hudstone 
Coarse 92 . 7  

Fine • 
• - No test performed because of insuffic ient sample quant ity.
(l ) Slake fluid for al l tests was d isti l led water . 

0 
0. 5 

1 1. 7 
0. 4 

• 
42. 5 

2 1 . 8  
0 . 5  

3 . 7  
1 . 6  

0 •
0 

0. 3 

3 1 . 4• 
1 3 .  3 
19 . 5

38. 3 
13 . 5 

5. 4 • 
85.6• 

CYCLIC RATE OF 
SLAKING TEST 

(llO"C ) 

0 
0. 3 

52 . 5  
1 . 8  

• 
58. 6 

35 . 2  
I .  2 

76. 2 
24. 3 

0 •
0 

0. 5 

31 .6• 
24. 2 
22 .6

87. 5 
57. 6 

7. 5 • 
• 

( 2 ) 1  d f l . . ' d . .  naerte or re ative comparison with DI values from other a lake urab 1 l ity test s .

14 7 

SLAKE 
DURABILITY TEST 

l-ld/ 2) 

( '.t )  

1 . 0  

12 . 4  

12. 9 

2 . 4  

1 . 5  

2 . 9  

2 . 3  

5 .7  

24 . 3  

1. 7 

o. 5 

36 . 6  



• Soaking versus Al t ernate Wett ing and Dry ing -
W ith the except ion of  the  s l ake durab il ity t es t ,
eye l i e  we tt ing and drying provided the  great est
as surance o f  breakdown . Of  the c yc l ic  t es t s ,  the
e ye 1 ic r ate  o f  s 1 a king proc edure at 1 10 degrees
Ce l s ius i s  the mos t  s eve re wh ich indicates that
short soaking per iods c ausing on l y  part ial s at ur­
at ion are more e f fect ive for t he t est ed s amples .
An advant age o f  t h is me thod i s  t he sho r t er s o ak­
ing observat ion per io d ,  reduc ing the  ove ra l l t ime
require d  fo r t est ing . Th e range of  d egradat ion
index val ue s  obt ained for the  j ar s l ake test  was
narrower th an for the eye l ie t e s t s  making the
ana l ys i s  more d i f ficult  and s ub ject ive . There­
fore , e ye l ie t es t ing i s  prefe rred to the s t at ic
j ar s l ake t es t .

• Temperature - The e ye l ie rate of s l aking t e s t
resu l t s .  repres ent ed t h e  onl y  opport un it y  t o  s t udy
the re l at ionsh ip  between dry i ng t emperatur e s  and
s l ake dur ab i l i t y  b eh avior . These  t est s ind i c ate
t h at a reduc t ion in dur ab i l ity  o c curs with  in­
creas ing drying t empe rat ur e s , Th is pat t e rn i s
st ronge r for the coarse  s ize fract ion wh ich a l s o
demons t rates t h e  in fluenc e  o f  part ic l e  s ize in
a f fect ing the  durab i l ity o f  the  t es t ed sediment s .
Alt hough e l evat ed ove n drying t empe ratures such
as 1 10 degrees  Ce l s ius are f ar more seve re t h an
wo u l d  eve r be re a l i z e d  wi th i n  s u r f a c e  m i n e
spo i l s ,  their appl icat ion is  recommended as a
r e fe renc e  base and as  part o f  the ac cel erat ed
we at her ing that i s  integral t o  the maj o r it y  o f
s l ake dur ab i l ity  t es t ing scheme s .

• Ene rgy Input - W ith the pos s ib le except ion o f  the
s l ake durab i l it y  t e s t s , great er degrees o f  b reak­
down we re real ized wi th t est  proc edur e s  prov id ing
the great est energy e f fort . Th is e f fort  was de­
ve loped by s eve ral means inc lud ing f l u id inf i l ­
t r at ion , o ven  d ry i n g ,  ch em i c al at t ac k ,  and
mech anic al  agi t at ion . Of the dur ab i  1 ity  t e s t s
cons idered f o r  s tudy ,  both t h e  cyc l i c  we t /dry  and
c yc l i c r a t e  o f  s l a k i n g  t e s t s  at 1 1 0  d e g r e e s
C e l s ius provided a broad range o f  breakdown (DI
values ranging from O t o 93 percent ) with suff i­
c ient sens it ivity  to charact erize r e l at ionsh ips
wi thin these boundaries . The influence o f  chemi­
cal at t ac k  t hrough va r iat ion in  sl ake f luid , and
e l e v a t e d  d r y i n g  t empe r a t ur e s  ( s e e  above ) a r e
recogn iz ab l e  c aus ing fur ther b reakdown b eyond
b ase l ine c ond i t ions .
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Based upon t he t est result s, t wo apparently anomalous t rends ex ist . 
The f irst is a reduct ion in sample breakdown wi t h  increas ing mechan ical 
ag itat ion wh ile the second t rend is a decrease in det eriorat ion w i t h  
increas ing soaking periods dur ing eye lie t est ing . The first may b e  
at tributable t o  either t he sample s ize required for t he slake durab ili t y  
t est ( 10 rock fragment s, 4 0  to SO grams each ) o r  the def in i t ion for t he 
slake durability index, Id . Poss ible improvement m ight be real i zed by 
subject ing t he reta ined dry sample to a gra in s ize analys is and modify­
ing t he Id accordingly. An alt ernate t o  t h is may be t o  incorporat e
larger rock fragments into t he t est procedure t o  accoun t  for the great er 
breakdown that was observed t hroughout t he ent ire t est ing program for 
coarser sized samples . Th is, however, is in disagreement w i t h  Chandra 
( 1 97 0 )  who found that "smaller lumps, due t o  more exposed surface area 
tend to accelerate weather ing . "  

The influence of soaking t ime was generally found t o  decrease w i t h  
increas ing durability for the cyclic durab il i t y  t ests . Th is trend i s  
apparent ( part icularly for silt st ones and shales ) b y  exam ining Table 
9 . 4 .  Alt hough i t  would be expected t hat an ext ended soak ing period 
pr ior to drying would represent a more severe t est condi t ion, t he oppo­
s i t e  appears to be true . A shortened soak ing per iod would most li kely 
cause a reduct ion in t he degree of saturat ion below t hat obt ained for 
samples immersed for a longer lengt h of t ime . S ince t he pore a ir pres­
sure decreases (b�comes more negat ive ) w i t h  decreasing degrees of sat u­
rat ion, t he overal 1 pressures exert ed on samples immersed for shorter 
periods of t ime may act ually be great er . Th is behavior is closely re­
lated to t he negat ive pore a ir compression slaking mechan ism descr ibed 
in Chapter 2 . 0  and may be related t o  t he behavior observed dur ing t he 
cyclic durability t est s .  

9 . 2 . 2  Ident if icat ion Test s  

Knowledge of t he physical, chem ical, and m ineralogical compos i t ion 
of geologic materials can provide cons iderable informat ion regarding 
t he ir slake durability behavior . Several test procedures were incor­
porat ed into t he laborat ory program wh ich have found previous s uccess 
and often provide corroborat ive informat ion . The major goal of ident i­
f icat ion t est s conducted in t h is st udy was to ident ify procedures t hat 
can be used with conf idence as part of an overall slake durability 
predict ive model . 

The tests t hat were cons idered include several rout inely performed 
geotechn ical t ests ( i . e . ,  mo ist ure cont ent, grain s ize of disaggregat ed 
samples, A t terberg lim i t s ,  and un i t  we ight ), agronomic tests ( i . e . ,  1 : 1  
( so il )  pH, methylene blue analysis, and cat ion exchange capac i t y )  and 
several specially select ed or soph ist icat ed t est ing procedures ( i . e . , 
t h  in-sect ion pet rographic exam inat ion, and X-ray diffract ion ) . The 
result s of each of t hese met hods are summar ized belo w . 
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9 . 2 . 2 . 1  Mo i s t ure Cont ent 

S e v e r a l  ge n e r a l  mo i s t ur e  c ont ent  r e l a t i o n sh i p s  we r e  ob s e r v e d  
throughout t h e  dur ab i l i t y  t es t ing program .  Mo i s t ur e  c ont ent i s  u s ed 
here i n  t o  repres ent a mo re general t e rm for wat e r  c ont ent s inc e t wo 
chemical  solut ions we re used for port ions o f  the dur ab i l i ty t e s t ing . 
The maj or obs erved t rends fo l l ow wh il e examp l e s  wh ich t yp i fy the s e  
t r ends are  shown in  Figur e  9-1 8 .  

• Va riat ions in mo i s t ure  c ont ent with incre as i ng
numbers of  e ye l e s  o f  durab i l i t y  t e s t s  general l y
f o l l ow t wo t r e n d s . Fo r s a nd s t one s a n d  mo r e
dur ab l e  ( l ow D I  va l ue s ) s i l t s t ones and shal e s ,
the  mo i s t ur e  c ont ent increas ed t o  an equi l ibr ium
value wi th in one or two c yc l es  and then random l y
va r i e d ab o u t  t h at va l ue ( F i g u r e  9 - 1 8 a ) .  A l l 
o the r f ine-gra ined s ed iment s exh ib it ed an i n­
c reased mo i s t ur e  cont ent with incre as ing numb ers
of c yc le s  ( F i gure 9- 18b ) .  Ac cording l y ,  these
p a t t e rn s  c a n be  c o r r e l a t ed wi th d u r ab i l i t y .

• Mo ist ur e  c ont ent s for s amp l e s  c ons i s t ing o f  f ine
fr agment s ize always exceeded the  coar s e  fract ion
mo i s t ure  c ont ent for co rre spond ing s ampl es and
so lut ions ( Figures  9 - 1 8 a and b ) .  The sma l l e s t
incre as e s  were real ized for s ands t ones  and the
l arge s t  for  mud s tones . For s ampl e s  in wat er ,
t hese  values ranged from one t o  e igh t percent
depend ing on the  t es t  me thod .

The pr inc ipal factor  c ont rol l ing the coar s e / f ine 
fr agment -mo i s t ur e  c ont ent behav ior i s  the inf lu­
ence of  s ur face area t o  vo lume r e l a t ionsh ips . 
W i t h t h e  s o ak i n g  p e r iod  i d e nt i c a l , t h e f ine r
s ampl e s  more read i l y  ach ieved h igh er  mo i s t ur e  
c ont ent s .  Tes t s  pe r formed u s i ng e i the r e thyl e ne 
g l yc o l  ( j ar s l ake )  or sodium s u l fat e ( cyc l ic we t /  
dry ) typical l y  reve a l ed s l ight l y  l owe r mo i s t ur e  
c ont e n t s t h an c o r r e s pond i n g  t e s t s  i n  wa t e r .  
The s e  l owe r mo i s t ure  c ont ent s may b e  at tr ibut ed  
to  the  great er  v i sc os ity of  ethy l ene g lyc o l  and 
o smo t i c  pr e s s ur e  e f fe c t s  c r e a t e d b e t we en th e
sod ium s u l fat e  s o l ut ion and the  sample  fr agment s .

• As ind icated  in F i gure 9- 1 8c ,  l i t t l e  va riat ion
was not ed in the amounts  of wa t er dr iven from the
s amp l e  ut i l i z ing t empe rat ures o f  e i the r 6 5  or 1 1 0
degrees Ce l s iu s .  De s p i t e  the l ack o f  a s t rong
t r end  b e t we e n wa t e r  cont e n t  and t empe r a t u r e ,
t emperature d id appear t o  impact  durab i l i t y  as
d i s c u s s ed in Sect ion 9 . 2 . 1 . 5 .
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• The relationship of moisture content variation
with increasing time for jar slake tests is not
as reliable as for other durability tests. Mois­
ture content determinations for these tests were
limited to point load test samples and a wet
sieve analysis of the entire sample following the
completion of testing. Therefore, the moisture
contents are somewhat biased toward the coarser
and more durab le samples used for point load
tests (Section 9. 2. 3. 1) and the coarser fraction
of the sieved sample. These were likely lower
than the overall moisture content.

Since the cyclic durability tests (wet/dry and rate of slake ) 
provided the most reliable moisture content information and the most 
directly comparable degradation index values ( in water), these data 
were used to help identify relationships that might e xist b etween 
moisture content and durability. The initial and final moisture con­
tents for coarse and fine samples immersed in distilled water as related 
to the five-cycle degradation index obtained for each test are shown in 
Figure 9-19. 

Figure 9- l 9a indicates that a general trend may exist b etween the 
initial moisture content (Wi) and DI. As noted in Sect ion 8. 1, the 
results may b e  affected to some degree by the need to mix fresh highwall 
and recent spoils to provide a sufficient quantity of sample for test­
ing. It is very likely that the recent spoils were drier than the in 
situ sediments. Because the tested samples were combined from both com­
ponents, no definite conclusions can be drawn. The spread of sandstone 
(Ss) values reflects a range of Wi values wider than might be expected. 
This is most likely the influence of drilling water entering the sample 
during coring operations. Because the other lithotypes tested are more 
impervious, the influence of drilling ope rat ions is probably smal 1. 

Relationships between the five-cycle moisture content (w5) and DI 
for the cyclic durability tests are presented in Figure 9-19b and show 
many of the general trends outlined above. Test results are grouped b y  
lithology and fragment size. The basic conclusions drawn from this 
figure include the following: 

• Increasing moisture content occurs with decreas­
ing fragment size.

• Sandstones cluster within relatively small zones
at low moisture contents and DI values.

• Mudstones generally attain the highest moisture
content levels for equivalent fragment sizes.

• Values for fine-grained lithotypes vary more than
do those for sandstones.
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• Breakdown of coarse s iltstones and shale frag­
ments, and to a lesser degree fine shale frag­
ments, seems to be structurally controlled (i.e.,
bedding) . This is indicated primarily by the
relatively constant five-cycle moisture contents
that were attained for each particular lithotype
and fragment size.

9.2.2.2 Grain Size (Disaggregated) and Atterberg Limits 

As described in Section 9.2.1, the samples that were subjected to 
the greatest deterioration during the durability testing program we re 
predominantly the fine-grained sediments. Therefore, determination of 
grain size distributions and Atterberg limits was limited to siltstones, 
shales, and mudstones. The results of these tests are presented in 
Figure 9-20. 

The range of the test results for the various lithologic units is 
remarkably smal 1 and generally bears little relationship to the wide 
range of durability behavior that was observed. The grain size analyses 
suggest that all of the fine-grained sediments are composed primarily of 
silt size particles (75 to 2 microns) and have measured clay fractions 
ranging from appproximately 9 to 22 percent. This is somewhat dependent 
upon sample preparation and may not truly reflect presedimentation grain 
size. The only observable relationship from these tests shows that the 
red/green mudstone (Site D) had the highest clay content. No other 
similar conclusions could be drawn. The Atterberg limits are clustered 
close to the "A" line with liquid limits ranging from 20 to 26 percent 
and plasticity indices ranging from 6 to 8 percent. These results indi­
cate a relatively inactive clay mineralogy which was confirmed through 
X-ray diffraction analysis (Section 9.2.2.7) .

As mentioned, the results of these tests may have been affected by 
the method of disaggregation used. Although the results might shift if 
another procedure were selected (e.g., ultrasonic disaggregation), the 
change is expected to be smal 1 and the observed trends would be very 
similar. 

9.2.2.3 Unit Weight 

A summary of the sample unit weights of individual lithotypes 
obtained using the water displacement method ISRM ( 1 979) is presented in 
Table 9.5. The unit weights of rock fragments range from 134 to 167 pcf 
(252 to 314 kN/m3) .  Based on these data, a correlation with durability 
could not be made; therefore, the use of unit weight as a indicator of 
slaking potential is considered unlikely. 

9. 2. 2. 4 l : I (Soil) pH 

Soil pH is a measure of the hydrogen ion activity in a mixture of 
disaggregated rock and distilled water; as the pH increases, the hydro­
gen ion activity decreases. The resulting value is largely dependent 
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TABLE 9 . 5  

SUMMARY OF UNIT WE IGHT AND 1 : 1  pH DETERMINATIONS 

DRY UNIT WEIGHT 
1 : 1  pH( l ) SITE LITHOTYPE yd 

(pcf) (kN/m3 ) 

Brown Sandstone 148 279 ND( 2) 

Gray Shale 164 309 7 . 70 

A Green Mudstone 141 265 8 . 40 

Black Carbonaceous Shale 134 252 7 . 60 

Gray Limestone 166 312 ND 

B Gray Sil t stone 167 314 8 . 76 

Yel low Sandstone 155 292 ND 

C Whit e Sandstone 15 7 295 ND 

Gray Silt stone 154 290 7 . 56 

Brown Sandstone 165 311 ND 

Gray Shale 158 297 8.37 

Green Mudstone 160 302 8 . 20 

Red/Green Mudstone 140 263 8 . 88 

( 1 )  Average of two values . 

<2 ) ND = Not determined �"' .: 
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upon the mineralogy of the samples being tested and, therefore , if slak­
ing is related to mineralogical composition, soil pH may be an indicator 
of slaking potential . Table 9.5 presents 1 : 1  pH values for the fine­
grained lithotypes encountered at each site. 

Mineralogical composition of all samples was determined by X-ray 
diffraction analysis (Section 9 . 2.2.7) .  From these data, a fair corre­
lation was observed between increasing carbonate mineralogical composi­
tion and soil pH. However , the equilibrium pH of calcite (the most 
soluble carbonate phase with a high equilibrium pH found in the samples) 
is 8.2 to 8.4 when e quilibr ium with atmospheric carbon dioxide is 
reached. Soil pH values above 8.2 to 8 , 4 are probably controlled by 
hydrogen ion exchange for other cations on mineral phases with signifi­
cant ion exchange capacities. Figure 9-21 is a plot of 1 :  l pH versus 
cat ion exchange capacity. A correlation between exchange capacity and 
soil pH does appear to be evident for the limited number of samples. 
Therefore , soil pH appears to be affected by both soluble carbonates and 
mineral phases such as clays which exchange cations for hydrogen ions. 

Figure 9-22a illustrates the relationship observed between 1 : 1  pH 
and the degradation index. This is most likely due to dissolution of 
carbonate cements and/or cation exchange. Because of this trend, soil 
pH may provide a quick and inexpensive determination of slaking poten­
tial. It should be noted, however , that this correlation is based on 
limited data and further studies should be conducted to increase the 
number of observations as well as develop the rationale behind the 
postulated mechanisms. 

9.2.2.5 Exchange/Adsorption Capacity 

Relationships have been demonstrated in previous studies (Chapter 
7 . 0 )  between ion exchange/dye adsorption capacity and such properties as 
surface area , swell potential , and dry bond strength. If the slaking 
potential is related to any of these properties, the cation exchange 
capacity (CEC ) and methylene blue adsorption (MBA ) measurements should 
be an indication of slaking potential. Furthermore, if a good correla­
tion could be achieved between these two types of analyses, then MBA 
could confidently be substituted for CEC and thus provide a less expen­
sive testing procedure for determining slake potential. 

Previous work (Nevins and Weintritt, 1 967) has shown that a very 
good correlation exists between CEC and MBA values. However , an analy­
sis of Table 9.6 indicates that a similar c orrelation did not exist for 
this study. Possible reasons for this poor correlation follow :  

• Material type and preparation techniques for
previous studies differed from those used in  t his 
program. Literature values .represent gener ally
pure, relatively active single phase clay systems
which did not require  gr inding to achieve an
equivalent soil textur e.
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SITE 

A 

B 

C 

D 

TABLE 9.6  
SUMMAR Y O F  EXCHANGE/ADSOR PTION CAPACIT Y 

TEST RESU LTS 

EXCHANGE/ADSORPTION 
LITHOTYPE 

CEC ( 2) MBA (3)

Gray Shale 4.9 1.5 

Black Carbonaceous Shale 8.3 1. 3

Green Mudstone 21. 7 2.6

Gray Siltstone 7 .1 1.1

Gray Siltstone 4 .1 1.4

Green Mudstone 12.4 1.8

Gray Shale 7.8 2.3

Red/Green Mudstone 25.3 4.3

CAPACITY( ! ) 

MBI (
4 ) 

2.2 

3.5 

4.0 

2.8 

3.0 

3.3 

3.0 

7.8 

( ! ) Conducted prior to durability testing and expressed as meq/ 1 00 g of
dry sample. 

( 2) cation Exchange Capacity ( Black, 1965 ).
( 3 )Methylene Blue Adsorption ( Nettl eton ,  1974 ) - 33 percent slurry.
(4) Methyl ene Blue Index ( ASTM ,  Part 17, C 837, 1977) - 1 percent slurry.
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• Although the same CEC metho d was used in all
studies, variation in material properties could
affect the final results . For example, the pro­
cedure does not take into account the cont ribu­
t ion to the CEC from d issolution of calcite
(CaC03) or other slightly soluble mineral phases.
Therefore, those samples with carbonate or sul­
fate mineral phases probably exhibit higher CEC
values than is possible based on available ex­
change sites. Additionally, the CEC can be af­
fected by organics which may be present. Pure
clay systems would not encounter these problems.

• Solid rock samples were disaggregated or ground
to equivalent soil texture or grain size. This
sample texture (approximately 60  mesh) was used
for the determination of both CEC and MBA.
Therefore, no difference in surface area existed
for samples in either determination. As surface
area increases, so does CEC and MBA values. The
rate of increase, however, may not be the same.
Therefore, better correlations may be realized
for various sample textures.

• MBA values were obtained by two different methods
(Nettleton, 1974; ASTM, Part 17, C 837-76, 1977),
to determine the effect of procedure on the cor­
relation with CEC. Even though the results of
these determinations (Table 9. 6) indicate that
MBA increases with decreasing soil slurry con­
cent rat ion (i.e. , MBI values) ,  the effective
correlation with CEC remained unchanged.

Although the observed correlation between CEC and MBA was n ot 
strong, the less expensive MBA procedure is still a possible predictive 
measure of slaking potential. However, the effects of soil slurry con­
centration and sample texture upon analytical results of MBA and CEC 
determinations need to be investigated. Further study must also be done 
to define the effect of typical spoil composition (as compare d  to 
standards) on MBA results prior to its utilization as a practical tool. 

Fig ure 9-22b 
degradation index. 
tion exists. This 

depicts the observed correlation between CEC and 
Based on the limited samples tested, a weak correla­

suggests further research is warranted .  

9 . 2. 2. 6  Petrographic (Thin Section) Examination 

The results of thin-sect ion petrographic examination of the sand­
stone and limestone units studied as part of the laboratory program 
strongly support the results of the durability tests. The sandstones 
were observed to be well-graded and comprised of predominantly angular, 
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fine- to medium-size quartz grains with trace amounts of various clay 
minerals, micas, carbonates, and coal stringers. Most of the sandstones 
examined were tightly packed with "welded" grain boundaries and 1 itt le 
matrix material . No signif icant variations were observed between 
perpendicular and parallel-to-bedding orientations. The limestones are 
fine-grained, massive, and slightly fossiliferous. The texture is dense 
and devoid of partings or voids which suggests extremely high durability. 

9.2.2.7 X-Ray Diffraction 

To provide the necessary foundation for potential correlation 
between durability and mineralogy, X-ray analyses were performed on all 
14 lithotypes. The results are presented in Table 9. 7. After close 
examination only one general trend was discernable; increasing carbonate 
content (primary calcite) with increasing DI. This correlates with 
those relationships mentioned previously in conjunct ion with 1: 1 pH 
(Section 9.2.2.4) . A second series of analyses was run on posttest 
samples to provide data to analyze the effect of sample position within 
the test chamber (Section 9.2.3.4) .  However, no significant differences 
were noted between the pretest and posttest analysis. 

9.2.3 Ancillary Tests 

Additional testing was performed concurrently with the durability 
testing program. This included point load tests, and analyses of pH and 
specific conductance of the slake fluid. These various techniques were 
relatively simple to perform and were thought to possibly provide addi­
tional data for understanding the slaking phenomenon. In addition to 
those, postdurabil ity testing (i.e., X-ray diffract ion, CEC, and MBA) 
was undertaken to determine the effects of sample position within the 
durability testing equipment. 

9.2.3.l Point Load Test 

One hundred thirty-six point load tests were conducted on rock core 
fragments obtained from active highwall zones, spoils of various ages, 
and samples subjected to durability testing (i.e., jar slake, cyclic 
wet/dry, and rate of slake). The results of these tests performed 
perpendicular to bedding are summarized in Table 9.8. The test results 
have been sequentially ordered to reflect the relative durability of the 
materials. 

Initially it was hoped that point load testing would provide a 
semiquantitative basis to evaluate the effect of time on a given lithol­
ogy. However, because it was not possible to attain adequately sized 
fine-grained material for the range of spoil ages, this correlation was 
not possible. 

Although the pattern of data points presented in this table 
seems to be somewhat scattered and random, the following trends are 
discernible : 
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TABLE 9 . 7  
SUMMARY OF X-RAY DIFFRACTION ANALYSES (l , Z) 

CLAY MINERALS 

SITE LITIIOTYPE MIXED LA.YER 
KAOLINITE ILLITE CHLORITE AND/OR 

HONTMORILLONITE 

Brown Sands tone <5 10-25 <5 10-25

Green Mudstone 5-10 25-50 5-10 5-10

A Gray Limes tone ND 10-25 ND ND

Gray Shale 5-10 10-25 5-10 10-25

Black Carbonaceous Shale 5-10 5-10 5-10 5-10

B Gray Siltstone 5-10 10-25 5-10 10-25

Gray S iltstone 5-10 10-25 5-10 10-25

C Yellow Sands tone 10-25 10-25 5-10 5-10

Wh ite Sandstone 10-25 10-25 5-10 5-10

Gray Limestone (5 ND ND ND 

Brown Sandstone 5-10 5-10 5-10 5-10

D Gray Shale 5-10 10-25 5-10 5-10

Green Mudstone <5 10-25 5-10 10-25

Red/Green Mudstone <5 5-10 ND 5-10

( l )Predurabi lity test samples only.
(2)Estimated amounts (%) were determined using X-ray diffraction peak i ntensities.
(3) Not detected. 

QUARTZ FELDSPAR 

>50 ND (3 )

)50 <5 

10-25 ND 

)50 ND 

25-50 ND 

>50 ND 

>SO ND 

>50 ND 

>50 ND 

(5 ND 

)50 ND 

)50 ND 

)50 ND 

>SO ND 

NONCLAY MINERALS 

CALCITE DOLOMITE SIDERITE ANICERITE PYRITE 

ND <5  ND ND ND 

<5 ND ND ND ND 

10-25 25-50 ND ND ND 

ND ND ND ND ND 

ND ND 10-25 ND <5 
ND .S.S ND ND ND 

ND ND ND ND ND 

ND (5 ND ND ND 

ND ND ND ND ND 

>SO 10-25 ND ND ND 

10-25 ND ND ND ND 

ND ND <5 ND ND 

ND ND 5-10 ND ND 

5-10 ND <5 5-10 ND 
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• The point load s t r ength index (Is) generally
increases with increasing durability. This is
reflective of the shift of data values downward
to the right.

• Values of Is may be typically aligned by sample
condition ; that is: Is ( in situ) = Is (ja r
slake) <Is (spoil) <Is (cyclic tests). These
trends indicate that the moisture content condi­
tion of the rock fragment at the time of testing
strongly controls the measured strength. Accord­
ingly, rock fragments susta ining the greatest
amount of drying provide the highest point load
strengths. Therefore, point load tests taken on
jar slake and fresh highwal 1 samples generally
indicate weaker materials than those from aged
spoil and cyclic durability tests, respectively.

• Point load results for the fine-grained sediments
may be somewhat biased toward the more durable
fragments. This is true fo r both aged spoil
fragments and samples subjected to any durability
test. Examination of Table 9. 8 shows that tests
conducted for the low durability materials . are
predominantly from jar slake tests or tests on
freshly cored rock samples. Th is may be at tr ib­
uted to the large amount of breakdown that occurs
for the low durability materials following spoil
placement or during durability testing which pro­
vides an insufficiently sized fragment for test­
ing. Conversely, with increasing durability, the
variety of test results becomes more complete and
provides a larger sampling base for analysis.

It was observed during the point load testing program that the 
fracture pattern for shales and siltstones loaded perpendicular to bed­
ding frequently did not fracture entirely through the axis of loading. 
Instead, the loading points of the test apparatus indented slightly into 
the rock fragment and then the sample failed along a bedding plane 1/2 
inch (12 millimeters) or less from either end of the tested sample. Be­
cause it was not possible to fail the sample in the conventional manner, 
even after repeated attempts, the point load index value was determined 
assuming the usual procedures. Although this approach is not theoretic­
ally correct, it does provide a reference index value that is comparable 
to test results for other lithotypes. Point load tests were also run 
parallel to bedding for fine-grained sediments ; however, failure oc­
curred along the bedding planes with the resulting values typically be­
low the limits of equipment sensitivity and were considered unreliable. 
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9.2.3.2 Slake Fluid pH 

Measurements of the slaking fluid pH were routinely recorded as 
part of the entire durability  testing program. Although the variation 
of pH with increasing time or number of cycles followed certain trends, 
no specific relationsh ips could be established between durability (mea­
sured by DI or Id2) and the pH of the various slaking fluids.

Tests conducted with water typically followed two trends: the 
slake fluid pH either decreased from neutrality (pH = 7.0) to values 
typically between 6.0 and 6.5, although higher and lower readings were 
recorded, or increased slightly and then returned to near neutrality. 
Except ions to these trends were observed for the red/ green mud stone 
(Site D) and the green mudstone (Site A) . For these samples, the fluid 
pH increased sharply to 8 or 9 and then decreased with increasing cycles 
or time but remained high (7.5 to 8.5) . Figure 9-23a shows examples of 
th is behavior. 

For durability tests in which a chemical solution was used, the 
fluid pH decreased with increasing cycles or time from about 9 to 9.5 to 
7.5 to 8.5. As observed above for the two cited mudstone samples, the 
final pH values were higher than all other tests which reflect the basic 
chemistry of these sediments. 

9.2.3 , 3  Specific Conductance 

The specific conductance test is an instrumental method designed to  
measure the conductivity of fluids by measuring the current between two 
electrodes immersed in a solution. Because the conductivity is propor­
tional to the concentration of dissolved salts in the fluid, the test 
provides an indirect means for determining the rate of dissolution of 
samples during durability testing. 

Specific conductance measurements were obtained only during the 
cyclic wet/dry tests for Sites B, C, and D. Tests conducted in both 
ethylene glycol and sodium sulfate revealed a gradual to rapid increase 
in specific conductance with increasing numbers of wetting and drying 
eye les. For tests in distil led water, specific conductance ranged from 
initial values of 5 to 9 µ mhos to 100 to 600 µ mhos at the end of five 
cycles of testing. Specific conductance values in sodium sulfate ranged 
from 35, 000 to 40,000 µmhos prior to testing to 60, 000 to 80, 000 µmhos 
upon the completion of testing. All readings are corrected for tempera­
ture effects to 25 degrees Celsius. Based upon the smal 1 amount of 
information available from these few tests, the rate of change and 
magnitude of specific conductance typically increases with decreasing 
durability. Examples of this behavior are shown in Figure 9-23b. Tests 
conducted in water provided a much better indication of this behavior 
because the readi ngs are directly related to the dissolution of samples 
rather than the interaction that occurs between sample fragments and the 
chemical slake fluid. The high specific conductance of sodium sulfate 
tends to mask the effects of sample dissolution and thereby inhibits the 

166 



1 0

SLAKE FLU I D : WATER 
9 

I 
a. 
Cl 8 -
:::>
..J 
lL. 7 • 
w 
� 
<t 
_J 6 Cl) 

& FINE WHITE SANDSTONE - SITE C 
@ COARSE RED/GREEN MUDSTONE -S ITE D 

5 
rn COA RSE GREEN MUDSTONE - SITE D

0 2 3 4 5

NUMBER OF WET/ DRY CYCLES 

a )  

1000 ..--------.----�------.-----.....-----� 
@ COARSE RED/GREEN MUDSTONE - SITE D 

U I!] COARSE GREEN MUDS TONE - S ITE D 
cri A COARSE BROWN SANDSTONE - S ITE D - 800 1--------.-------------+------+---------1 
u --­z u
<t 0 t; � 600 l-------l------l------+------4-------.-I, 

� @
SLAKE FLUID : WATER 

z 8 � 400 t-------i-----+------t---------::�-------t 
J: 

� ::E 
[i � 200
w 
a. 
Cl) 

0 

• 

2 3 4 5 

NUMBER OF WET/DRY CYC L ES 

b )

TYP ICAL R ES U LTS O F  CYCL I C WET/DRY TESTS 

S LAK E FLU I D  p H  AND S PEC I F IC C O N D U CTAN CE 

1 6 7  

F I G U R E  9 -2 3



applicability of this test when salt solutions are employed as slaking 
fluids. Increased levels of conductance also may have resulted from 
evaporation of the fluid ; however, its impact is believed minimal. 

9.2.3.4 Postdurability Testing 

It was observed that during the durability testing, the amount of 
degradation within a given test sample varied from fragment to fragment. 
Some coarse sample fragments (principally consisting of the green mud­
stones) degraded to a lesser degree than did the majority of the sample 
material. This may be a result of natural inhomogeneity of the sample, 
the influence from the test procedure employed, or some combination of 
both. Therefore, a series of compositional tests was undertaken using 
samples that had either degraded completely or had suffered only margin­
al deterioration. These included X-ray diffraction, I :  1 pH, MBA, and 
CEC. The results of these tests suggested that the observed variability 
in slaking behavior could not be attributed to compositional difference. 

Because of the quantity of sample that was needed for several of 
the durability tests (i.e., jar slake, cyclic wet/dry, and cyclic rate 
of slake), it was necessary to place three to five pounds (one to two 
kilograms) of coarse rock fragments in porous basket containers. 
Accordingly, some portions of each sample had a more direct access to 
slake fluids and circulating dry air (in the case of the cyclic tests) . 
Based upon the results of the compositional tests, it was concluded that 
the quantity of sample tested may have some influence on the test 
results. 

9.3 COMBINED FIELD AND LABORATORY RESULTS 

Some previous studies of slaking have failed to correlate labora­
tory test results with observed field behavior. This has often led to 
incomplete recognition of several of the prime factors that control the 
breakdown of geologic materials. Furthermore, because of the similitude 
and time effect problems associated with laboratory programs, the impli­
cations of several factors (e.g., sample size and accelerated weather­
ing)  in relation to field beha vior are not completely understood. 
Therefore, this section will attempt to relate the behavior of aged 
spoil materials examined during the field program with "undisturbed" 
samples tested in the laboratory. By studying a range of geologic mate­
rials and environmental regimes, the implications for extending these 
results to other locations can then be evaluated. 

Field observations of durability and modes of slaking were gener­
ally substantiated by and in agreement with the laboratory program. In 
addition, several of the slaking and supplemental physical/chemical 
tests discussed in Sect ion 9. 2 were found to be good indicators of 
expected field behavior. Based on the field observations and laboratory 
results, a method for classifying geologic materials according to dura­
bility behavior can be established as a means for identifying potential­
ly problematic materials. 
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9. 3. 1 Durability and Slaking Modes

Several lithologies were identified during the course of the field 
program and relative durability of each was evaluated based on the 
examination of various aged spoils. The mode of slaking was found to be 
largely control led by the rock type and the mining disposal practices 
observed at each site. 

At Site A, 1 ithologies were identified by slaking mode and ranked 
in terms of field slaking behavior or degradation from lowest to highest 
as follows : 

• Brown sandstone - slab or block slakes,
• Black carbonaceous shale - chip slakes.
• Gray shale - chip slakes.
• Green mudstone - slakes to inherent grain size.

The breakdown of al 1 these materials in the field compares favorably 
with the observed laboratory behavior. 

The sandstone showed very little breakdown either in the field or 
laboratory. In the field, sandstone particles undergo block slaking to 
fragments four to eight inches ( 1 00 to 200 millimeters) in size similar 
to those shown in Figure 9-24a and c .  Breakdown below this size range 
is negligible and in excellent agreement with observed slake test 
behavior. 

The degradation indices for all tests conducted on the green mud­
stone were high and show the tendency for th is material to slake to a
fine constituent grain size that is uncontrolled by the initial fragment 
size. Figure 9-24b and d compares the field and laboratory behavior and 
reflects the complete and rapid breakdown that occurs both in situ and 
within a controlled laboratory environment. 

Slaking of the gray shale and black carbonaceous shale fo !lowed 
very similar patterns in the field and laboratory and was strongly 
controlled by the initial fragment size . Deterioration along bedding 
planes causes fragmentation to thin, angularly shaped chips and plate­
lets. During the laboratory program, this size effect and breakdown 
pattern was evidenced by the relative lack of slaking for the fine frac­
tion. Extremely low degradation indices were obtained as compared with 
those of the coarse sized fractions. In the field, coarse gravel and 
cobble sized particles readily break down by chip slaking while smaller 
or fine fragments undergo little additional deterioration. As samples 
reach this stage, an equilibrium level is achieved between forces tend­
ing to cause further slaking and those limiting additional disintegra­
tion (e. g .,  particle size and cementing) . Figure 9-25 demonstrates this 
behavior , 

At Site B, the gray siltstone is initially massive with no apparent 
bedding and high RQD values (Figure 6-2) . When subjected to slaking 
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stresses, however, this siltstone undergoes chip slaking which was seen 
both in the field and the laboratory (Figure 9-26). This behavior is 
strongly controlled by structure (thin bedding planes) originating 
during deposition of the sediments. The coarse fractions subjected to 
laboratory testing showed high degradation indices while the fine frac­
tions were more durable with DI values equal to approximately one third 
those of the coarse samples. Th is is generally cons is tent with the 
observed field behavior as the fine chips appeared to resist further 
degradation. 

At Site C, both the yellow and white sandstones had extremely high 
durability as reflected by al 1 of the laboratory test methods. Sand­
stones were observed in the field to remain in blocks in all aged spoils 
and exhibited little or no evidence of breakdown (Figures 9-27a, b, and 
d). Laboratory tests of the gray silt stone indicated intermediate DI 
values (24 to 32 percent) for the coarse fraction and low values for the 
fine component. As mentioned previously, slaking of the shales and 
silt stones is strongly controlled by the bedding planes : The coarse­
sized rock fragments eventually degrade by chip sl�king. This behavior 
was witnessed both in the field and in the laboratory. Siltstone parti­
cles of chip size generally showed little tendency for further degrada­
tion because the effect of bedding is insignificant at this and smaller 
particle sizes. Figure 9-27a, b, and c shows several of these features. 

At Site D, lithologies were field ranked according to slaking 
potential ranging from greatest to least as follows: 

• Red/green mudstone - slakes to inherent grain
s 1ze.

• Green mudstone - chip slakes then slakes to in­
herent grain size.

• Gray shale - chip slakes.

• Sandstone - slab slakes.

Although the lithology of the red/green mudstone and green mudstone 
is similar, the rate of deterioration was far more rapid for the red/ 
green mudstone as evidenced by the general lack of this material in even 
recent spoil piles. This was supported by the very rapid disintegration 
that developed in the laboratory following immersion. However, the im­
pact of this lithotype within the spoils is negligible because it repre­
sents less than five percent of the highwall materials. As can be seen 
in Figure 6-4, the RQD ' s  for the red/green mudstone were extremely high. 
This  suggests that RQD and similar classif ication systems do not 
accurately reflect slaking potential. Similar results were obtained for 
other lithotypes throughout the study. 

The observed pattern for both mudstones at Site D, however, is 
similar since neither appears to be affected by fragment size or struc­
tural control as shown by the breakdown that occurs for each lithology. 
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Even though the green mudstone init ially undergoes chip slaking 
field, it slakes with time t o  its constit uent part icle size . 
9-28 shows examples of t he pat tern of slaking for t hese mudstones
field and laborat ory.

in t he 
Figure 
in the 

The gray shale at  Sit e D slakes in a manner very similar t o  the 
pat tern shown for other shales and silt st ones. The breakdown exhibit ed 
by the gray shale is struct urally controlled by the "bedding" of intact 
samples and slakes by chipping. This is indicative of t he high DI 
values obt ained for coarse sized rock fragments compared to t he low t o  
medium values observed for the fine fract ion. 

The sandstone has low DI values which is cons is t ent with field 
observat ions. The sandst one, where present, occurred as slabs or blocks 
which showed lit tle or no evidence of furt her degradation. No deteri­
orat ion of t he gray limest one was observed eit her in t he field or 
laboratory. 

F ragment or sample size appears t o  have a major impact on t he 
degree and rate of slaking obt ained in t he laboratory and field. With 
the except ion of the green mudstone at Sit e  D, coarse fract ion labora­
tory samples of slakable lithologies exhibit a great er degree of slaking 
as measured by t he degradat ion index than did the finer samples. The 
same t rend was observed in t he field program. No morphologic charact er­
ist ics of the green mudstone at Sit e D were observed in t he field or 
laborat ory that  could accoun t for t he lack of degrada t ion of t his 
lithology. The durability of this material may have been relat ed to a 
st rongly interlocking matrix or attributable t o  strong cement ing agents . 
Either of t hese hypotheses could be confirmed t hrough petrographic stud­
ies. Large fragment s of s lakab le lit ho logies evidenced greater break­
down, while finer fract ions appeared t o  undergo less degradat ion. This 
may be in response t o  an approach t o  a stat e of equilibrium (Sect ion 
9. 1. 4)  with the surrounding environmental condit ions. The equilibrium
concept, described in Sect ion 9.1. 4, may result from a relat ive lack of 
zones of weakness (i. e. , bedding planes, fract ures, weak cementat ion of 
grains) in small fragments as compared t o  coarser materials providing
fewer sites within the small fragments for slaking t o  proceed.

Based upon these t rends, the impact of mining procedures can be 
important if slakable geologic materials are present in sufficient 
quant ities. For example, sites which pract ice poor spoiling t echniques 
(e. g. ,  insufficient breakdown during excavat ion, transport, and burial 
or inefficient surface drainage) may encount er serious environment al 
problems caused by material breakdown. Lithologies which at t ain t he 
great est degree of deterioration do so because of the size effect s of 
the spoils materials; therefore, compact ion or crushing of t hese rock 
t ypes may largely eliminate slaking as an environmental problem. How­
ever , those lithologies which slake t o  their inherent grain size wil l  
continue to  weat her after mechanical breakdown, particularly if moisture 
is available. Therefore, if such materials are encountered, control of 
surface water by grading and ditch construct ion is important . 

1 7 5 



a ) F IELD - RECENT SPO IL 

b ) LABORATORY 
CYCLIC  WET/DRY TE ST (WATER) 

END OF CYCLE 5 

COM PAR ISO N O F  F IELD AND LABORATO RY B EHAV IO R 
MUDSTON ES - S ITE D 

1 76 F IG U R E  9-2 8 



A l t hough many o f  the l i tho logi es s t ud
_
ied  

_
for t h is proj e c t  m i gh t  b e  

cons i d e red prob lemat ic upon in i t i a l exam1 nat 1on ,  i n  f act , few i f  a ny 
adverse e f fe c t s  we re obs erved . Th is may be a t t r ibuted t o  t h e  leve l  o f  
supervis ion and management p l ann ing exh ib i t ed b y  t h e  mine s ites  t h at 
we re vis it ed . 

l 7 7



1 O . O  CONCLUSIONS AND RECOMMENDATIONS 

Although the primary purpose of this study was to evaluate the 
environmental effects of slaking on surface mine spoils, other subjects 
had to be addressed to accomplish this goal . The first step was to 
study the slaking phenomenon to understand the various processes which 
occur and their relationship to the mechanisms responsible . Section 
10 . 1  summarizes this portion of the study . Having recognize d  the 
processes, either through actual field and laboratory observation or 
by theoretical evaluation, the environmental effects could then be ad­
dressed . Conclusions relative to these impacts are presented in Section 
10 . 2. 

Subsequent to the assessment of these impacts as well as the pro­
cesses associated with the slaking phenomenon, a classification system 
was developed which can be used to predict durability of overburden 
materials . This classification scheme combines information obtained in 
both laboratory and field programs and consists of a series of decision 
filters (Section 10 . 3) .  With this system available, an assessment of 
problematic materials can be made . If the materials are present, then 
specialized technology may be required during spoiling and reclamation 
activities . Section 10 . 4  pro vides a synopsis of such techniques. 

10 . 1  SUMMARY OF THE SLAKING PHENOMENON 

Slaking is a short-term physical disintegration process that may 
occur in some geologic materials following stress relief (excavation) . 
This disintegration generally results from an increase in internal 
stresses . Each of the important mechanisms causing slaking (Chapter 
2. 0), except confining stress relief, is related to the activity of
water, cyclic drying and wetting, or the ions contained in pore fluids .

The rate and degree of the disintegration are directly related to 
material characteristics and local environmental conditions . The physi­
cal and chemical characteristics of argillaceous (clayey) sediments sig­
nificantly increase the probability of slaking over that in other common 
sedimentary materials . Argillaceous materials which have closely spaced 
bedding planes may disintegrate rapidly following exposure, producing 
small chips . This was found to be typical for many of the silt stones 
and shales that were studied . Certain argillaceous materials may exper­
ience almost complete disintegration very soon after exposure (e . g . , the 
red/green mudstone at Site D), producing soft clays . Disintegration may 
begin almost immediately after stress relief and proceed over several 
years . 

Many sandstones are composed of relatively inert particles or par­
t icles which weather very slowly relative to slaking processes . They 
are also generally more cemented than argil laceous materials and have 
porosity and permeability characteristics which do not favor the devel­
opment of certain types of stress conditions typically found in argilla­
ceous materials (e . g . ,  pore air compression, negative pore pressures) . 
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Therefore, sandstone disintegration is commonly not a problem, as evi­
denced during the field and laboratory portions of this study. 

Argillaceous sandstones, however, may undergo slaking ( Heald, et 
al., 19 74). Sandstones with argil laceous partings along bedding planes 
may break rapidly into slabs and plates of ir regular shape ( Davies, 
1973) . Sandstones weakly cemented with calcium carbonate may also dis­
integrate after exposure with the rate dependent on bond strength, water 
movement, and the acidity of leaching waters. An occurrence of this 
type of slaking was encountered during the preliminary reconnaissance at 
Site C, A fine-grained sandstone of limited lateral extent was observed 
to have slaked to its inherent grain size upon exposure, forming small 
talus deposits at the base of the outcrop. 

Argillaceous limestones with a significant number of 
weakness may also be susceptible to disintegration through 
or block slaking, but solution weather ing phenomena that are 
in more massive crystalline limestones are relatively slow 
considered to be a part of the slaking processes. 

planes of 
chip, slab, 
predominant 
and are not 

The release of confining stress will, in most cases, create partial 
openings and cracking along existing planes of weakness, allowing more 
rapid water penetration or drying. Partial or extreme desiccation of 
nearly saturated, highly argillaceous materials may cause additional 
disintegration due to negative pore pressure development. Extreme des­
iccation followed by rapid wetting will cause pore air compression and 
may lead to additional failure, particularly in nonswelling or kaolini­
tic materials. Materials with low water contents or low void ratios, 
moderate to low contents of montmorillonite, or high contents of illite 
may suffer disintegration upon wetting ( or cyclic wetting and drying) as 
a result of clay mineral hydrat ion forces. Compounding these stress ef­
fects is the reduction of structural strength caused by the decrease in 
surface energy which results when initially dry surfaces are wetted. 

The relationship between the slaking process, surface mining, and 
spoil handling practices has been one of the major topics of this inves­
tigation. The most active zone of slaking for spoil piles is generally 
located within three to four feet (approximately one meter) of ground 
surface. This is typically the zone most affected by climatic condi­
tions ( e.g., humidity, wetting and drying, and freeze-thaw eye les) . 
This conclusion is supported by observations reported for colliery 
spoils in Great Britain ( Spears, et al., 1972, Rodin, 1973) . 

Although the slaking phenomenon is caused by many complex and 
interrelated variables, certain factors continually play a large role in 
determining the slake potential of overburden mater ials at surface mine 
sites. These include: 

• Inherent Particle Size - Although other factors
may affect the slaking of geologic materials,
finer-grain,ed sediments are more susceptible to
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breakdown and at higher rates than c oarse-grained 
sedimentary materials. 

• Mineralogy - In conjunct ion with the particle
size effects, the mineralogical composition of
fine-grained sediments, and especially argilla­
ceous sediments, affects the nature, degree, and
rate of slaking . Typically, small amounts of
active c lay mine rals (e . g . , montmorillonite,
mixed-layer c lays, and c hlorite) c an exert a
significant influence over the ultimate behavior
because of thei r interlaye r wate r absorption
characteristics and the type of ions adsorbed on 
exchange sites.

• Rock Fabric - The mic roscopic structure of lithi­
fied sediments is a function of the depositional
environment, mineralogy, and diagenetic stress
c onditions and can c ontrol the slaking pattern of
these materials. Similarly, anisotropic fine­
grained sediments (e. g. ,  shales) slake by break­
down along thin bedding planes to form angular
platy-shaped fragments while homogeneous, wel 1-
graded sediments (e . g.,  mudstones) slake in a
pattern un related to any apparent structural
control .

• Size of Spoil Rock Fragments - The effect of rock
fragment size within spoil piles can be important
for thinly bedded and poorly cemented sediments
(i. e . ,  fine sandstones, siltstones, and shales) .
If these materials are not sufficiently broken
down during excavation, handling, and placement,
subsequent disintegration by va rious slaking
processes can result in a loose assemblage of
rock fragments that c an cause detrimental settle­
ment and stability problems in reclaimed spoils.

• Water Control - Besides compaction, the principal
controllable factor that determines the ultimate
performance of overburden spoils is surface and
groundwater c ontrol. The impact of potential
slaking can be greatly limited if adequate mea­
sures are taken (e. g. ,  topographic control, open
and well-graded ditch lines, and a stable surface
cover) to prevent the infiltration of water into
the spoils.

Despite the impact of many of these factors, the significance of 
slaking in surface mine spoils appears to be minimized by the mixing of 
various slakable and nonslakable materials that usually occurs during 
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the spoiling operations. A typical example of this is the spoils exam­
ined at Site D which consisted of 60 to 70 percent mudstone, 20 to 30 
percent shale, and the remainder sandstone and limestone. Although the 
slake potential of the mudstones was observed to be quite high both in 
the field and laboratory, the overall behavior of this l ithotype within 
the excavated spoils of all ages showed little if any effect in the re­
claimed areas. Apparently, the interaction of slakable sediments with 
other more stable lithotypes can play a strong role in controlling the 
success of particular mine spoil reclamation operations. 

10. 2 ENVIRONMENTAL EFFECTS OF SLAKING

Slaking of mine spoils can produce a va riety of environmental 
effects. Some may adversely affect local environmental quality while 
others may favorably impact the mine site and sur rounding area. There 
has been very little quantitative correlation and documentation of these 
effects directly attributable to slaking, particularly with respect to 
surface mine spoils. Therefore, the assessment of these relationships 
relevant to surface mining is based largely on field observations from 
this study (Section 9. 1. 5 )  and a general technical understanding of the 
slaking phenomenon. This is supported, when possible, by existing 
documentation. The lack of significant data on the slaking behavior of 
surface mine spoils is a major factor providing the impetus for this 
study. It should also be noted that this lack of documentation may 
reflect the rarity of such environmental problems caused by slaking; 
particularly in spoils handled and reclaimed by cur rently used methods, 
This is part ially substantiated by the minimal impacts observed at each 
site during the entire field program (Chapter 6. 0 ). 

The observed effects are related to the decrease in particle size 
with a resulting change in the hydrologic regime of the spoil pile. 
Spoil disintegration may ultimately lead to the collapse and filling of 
voids and thus increased density of the mass. Settlement and decreased 
permeability may result directly from these alterations and a decrease 
in slope stability may occur from a reduction in shear strength follow­
ing slaking. Decreased particle size may lead to increased erosion if 
readily slakable materials are left exposed at the surface. Addition­
ally, material disintegration within plant root zones may affect 
vegetation. 

Slaking of surface mine spoils has been linked to four types of 
environmental e f feet s. Although there exists an inter relationship be­
tween these potential effects, the following discussion considers each 
separately: 

• Hydrological impacts
• Slope instability and settlement
• Erosion and sedimentation
• Vegetation relationships
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1 0 . 2 . 1 Hydrological Impacts 

Slaking with in surface mine spoils may alter the exist ing hydro­
logic regime and cause surface instability and malfunctioning of various 
designed structures or systems within the pile . The hydrogeologic 
characteristics of the p ile (e . g . ,  porosity, permeability, and spec ific 
yiel d )  are greatly influenced by part icle size and shape, packing, and 
sorting . W ith time, the disintegration of spoil p ile materials results 
in a decrease in particle size, angularity, and sorting and an increase 
in packing . The overall effect of these alterations is a decrease in 
value for the various hydrologic parameters . However, because slakin g  
is predominantly restricted t o  near-surf ace layers, these hydrologic 
impacts are usually surficial in extent . 

Alterat ion i n  water storage and seepage characteristics of the 
spo il pile may result in the following impacts : 

• Decrease in infiltration of surface water, thus
increasing the potential for surface erosion and
eventual siltat ion of streams .

• Formation of perched water tables and surface
ponding in localized zones of relatively imper­
vious materials .

• Clogging of f ilter systems b y  f ine - grain e d
materials .

• Chemical alteration of groundwater due to in­
creased d issolved solids .

• Increase in unit weight and decrease in spoil
pile stability result ing from particle saturation
and structural weakening during deteriorat ion .

W ith time, the slaking proc ess · c an create c onditions within the 
hydrologic regime of a spoil pile wh ich will influence proper function­
ing and postreclamation land use of these structures . Only through 
proper planning and c orrect spo il handling techniques can the d isad­
vantages of slaking be reduced and the posit ive effects be maximized . 

1 0 , 2 , 2  Slope Instability and Settlement 

The impact of slaking on earth structures can be severe in certain 
c ases . To date, the most widely documented studies on the effect of 
slaking h ave been for h ighway embankments c onstructed inostly of shale 
(e . g . ,  Shamburger, et al . ,  1975 ) .  For these cases, slaking h as shown 
the greatest impact when embankments have been built using rock-fill 
c onstruct ion procedures that typically include large 1 ift thicknesses 
and minimal c ompact ion efforts . 
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The construct ion of overburden spoil piles during surface mining 
operations typically entails far less design ( if any) and supervision 
than for highway embankments. Accord ingly, these piles may experience 
many of the same types of deterioration found in highway embankments. 
The importance of such changes in spoil piles , particularly those with 
postmining land uses that are not very susceptible to impact by settle­
ment or those without steep outer slopes , may be insignificant in many 
cases. 

If degradation of fill materials causes settlement within the 
spoil , drainage may be impeded and water ponded at the surface. In 
turn, the effects of water may aggravate and accelerate the breakdown of 
materials to compound both the settlement and drainage problems. The 
degradat ion may reach a stage so that the strength of the intact spoil 
materials no longer controls stability; stability instead may be gov­
erned by greatly reduced strength parameters and increased pore pres­
sures that can ultimately lead to progressive surficial or deep-seated 
slope instability. However ,  a study of weatherin g  effects on the 
engineering properties of coal measure rocks ( Spears and Taylor , 1972) 
showed that measurable deterioration in spoil piles occurred only at 
relatively shallow depths (typically six feet [ 2  meters ] or less) and 
within a short period of time. Similar findings were reported by the 
National Coal Board (1972). The major cone lusion from this work showed 
that cohesion is the most susceptible strength parameter to change dur­
ing weathering; therefore , the influence of slaking can be significant. 
However, if reasonable spoiling pr act ices are used and if problematic 
materials can be identified , the impact can be greatly minimized or 
eliminated. 

There is only a limited amount of existing evidence to support the 
occurrence of this type of impact on spoil piles. Brawner, et al. 
( 1975) , for example, has described the need to identify slakable sedi­
mentary materials as a part of overburden analysis prior to surface min­
ing of coal. Research and documentation related to slaking in nonmining 
applications may be used to help direct similar investigations involving 
surface mine spoils. Other studies relating to disintegrated shale em­
bankments have been performed by Coates and Yo (1977) , Kennard, et al. 
( 1967) , and Strohm ( 1978). 

A survey of state highway organizations ( Shamburger, et al. , 1975) 
has shown that the major causes of embankment instability may be attrib­
uted to one or more of the following : 

• Excessive lift thicknesses which result in a
loose arrangement of particle sizes with high
void ratios that can enhance the amount of future
settlement.

• Inadequate compaction ( effects are similar to
excessive lift thicknesses).
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• Physical and chemical deteriorat ion, primarily of
argillaceous materials. 

• Expansive characteristics relat ed t o  t he miner­
alogy of the material comprising a fill.

• Inadequate drainage considerations.

• Excessive side slopes construct ed near t he angle
of repose which may lead to side-hill sloughing
or sliding to maintain equilibrium.

• Lack of field and laboratory t esting procedures
t o  ident ify and quantify long-term behavior after
placement.

Surface mine spoils are quite variable with  regard to both mate­
rials and placement control. Therefore, t he use of refined or sophis­
t icat ed analyt ical models is believed unwarrant ed because variations in 
consistency and distribut ion of material type and degree of slaking can 
have a significant impact upon predict ed behavior. 

In the field program conduct ed for t his study, slope stability was 
also found t o  be related t o  the slaking mode of spoils. Spoils in which 
chip slaking or slab or block slaking dominates generally were found t o  
exhibit lit tle or no stability problems. Spoils in which chip slaking 
is dominant appear to  be relatively stable. The chips form an inter­
locking matrix which is very resist ant t o  bulk movement.  The same 
phenomenon of interlocking fragments occurs, t o  a lesser ext ent, in slab 
or block slaking materials. Spoils which slaked t o  t heir inherent grain 
size were found t o  have st ability problems as evidenced by slips, 
bulges, slides, or similar features , Degradat ion processes controlling 
set tlement and stability behavior also may be influenced by various 
surface mining and spoil handling methods. In general, methods which 
involve some mechanical crushing and compact ion (if only by t rucks and 
dozers) will most likely exhibit less det erioration following placement 
than spoils disposed of by simple dumping. This relat es t o  an increase 
in bulk density (lower void rat ios), thereby reducing contact of spoil 
materials with air and water. In conjunction with compact ion, reclama­
t ion procedures involving proper drainage away from the spoil pile will 
minimize the influence of slaking on stability and set t lement.  

10. 2. 3  Erosion and Sedimentation

The production of fine-grained soil-like material as a result of 
disintegration of surface mine spoils wil 1 1 ikely lead t o  increased 
rat es of sediment loss (erosion) if the materials are exposed at t he 
surface. Reclamation pract ices may reduce this impact depending upon 
the rat e  of vegetat ion establishment and the slaking propert ies of t he 
materials. Current surf ace mining design pr act ices require incorpora­
t ion of set t ling ponds and other forms of silt ation control, but there 
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is no generally accepted technique for assessing the potential impact of 
slaking on the size of sediment containment facilities or the erosion 
control practices that may be required. 

In the field program performed for this study, sheet, rill, and 
gully erosion were observed to occur to varying degrees on all spoils. 
Those containing a high proportion of materials which slake to their in­
herent grain size exhibited the most severe erosion. Conversely, spoils 
with a high percentage of slake-resistant rocks were least affected by 
erosion. Concentrated surface water movement either by diversion or as 
a result of topographic configurations created numerous r il ls and 
occasional deep gullies. This was most noticeable on spoils with a high 
proportion of materials which slake to their inherent grain size. The 
presence of a pebble pavement was observed to be effective in control­
ling sheet erosion and was a significant overall erosion control factor 
on many spoils. To a certain extent, surficial crusting also played a 
role in erosion control. Rock riprap in drainage and diversion ditches, 
where composed of slake-resistant rocks, prevented downcutting. Stable 
rock riprap generally resulted in U-shaped ditches, while slake-prone 
rock riprap typically yielded V-shaped ditches with active down-cutting. 

Off-site damage can occur as a result of slaking in mine spoils, 
particularly when materials slake to their inherent grain size. It is 
often associated with excessive erosion rates and occurs in the form of 
increased sediment loads and stream siltation. The time of maximum 
sedimentation appears to correlate with initial placement and periods of 
disturbance prior to the establishment of vegetation. Chip slaking and 
slab or block slaking were not observed to significantly contribute to 
off-site damage. 

Surface erosion estimates are often based on the slope gradient and 
length, rainfall distribution (either generalized for annual or seasonal 
conditions or based on single high-intensity storms), runoff coeffi­
cient, bare soil area ratio (related to vegetation or erosion control) 
and the erodibility characteristics of the surficial materials (Beasley, 
1972; Komura, 1976). Except for potential changes in slope characteris­
tics by mass wasting (Section 5. 1 ), the most important influence of 
slaking on any of these variables is on the material erodibility which 
is a direct function of grain size distribution, organic matter content, 
structural characteristics of the material, and permeability (Wisch­
meier, et al. , 19 71 ). Fresh spoil materials generally have negligible 
amounts of recently decomposed organic matter and the fine-grained frac­
tion of the spoils is considered to be structureless. Therefore, slak­
ing can influence the erodibility and total sediment loss of spoil mate­
rials because it affects grain s ize distribution and permeability; 
permeability being, in part, a function of grain size. 

Komura (1976) proposed a technique for erosion prediction wh ich is 
particularly useful for steep slopes and materials with "mixed" particle 
sizes. He indicated that erosion losses are inversely related to the 
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median gram s ize of a material (D5 0) wh ich 1.s the d iameter at wh ich 
5 0  percent of the sample is f iner by we ight . The ut ili zat ion of th is 
method in surface mining is only an approximat ion of the erodibil ity of 
spo il mater ials due to slaking . However, it is believed that a rough 
est imate , such as provided by th is technique , is the best approach t o  
premining design .  Sediment loss can be substant ially increased by poor 
planning; however, rap id appl ication of good reclamat ion pract ices 
( includ ing mulch ing and revegetat ion ) wi 1 1  counteract the tendencies 
toward increased sediment loss with t ime . 

1 0 . 2 . 4  Vegetat ion Relationships 

The relat ionsh ips between vegetat ion in recla imed areas and slaking 
of the underlying surface mine spo ils are very complex . Essent iall y ,  
three types of relationsh ips can exist . These follow: 

• A we 1 1  developed vegetat i ve cover and rapid ap­
pl icat ion of prudent reclamati on pract ices will
decrease the rate and/or degree of slaking of the
underlying mater ials .

• Slaki ng can have adverse effects on vegetation .
It may lead to development of poor physical and/
or che m i cal so il cond it ions in the root z one
(directly or indirectly) or to s ignificant sur­
face erosion . Examples of th is noted during the
f ield program include dense crusting of the sur­
face wh ich impedes seed germinat ion ,  root prolif­
erat ion , and mo isture inf iltrat ion . Where spo ils
consist of a high proport ion of materials wh ich
slake to the i r  i nherent gra in s iz e , c ompact ,
dense sub layers may also occur , impeding deep
root penetrat ion .

• Slaking can have benef ic ial effects on vegeta­
t ion . It may favor the establ ishment of vegeta­
t ion and improve so il condit ions with in the plant
root zone . Pos it ive effects include the produc­
t ion of f ine part icles result ing in a suitable
blend of coarse and fine materials to provide
physical support to plants , allow easy root pro­
l iferat ion , and store suff i c i ent amounts o f
plant -ava ilable water and nutrients .

A fourth poss ib il ity , that ve getat ion encourages slaking , may 
exist . Although plant roots can force rock fragments apart in cert a in 
c ircumstances, the h igh vo id rati os typ ical of most spo il p iles provide 
paths of lesser resistance and, therefore , root development probably 
would not be impeded .  In the event that such plant root stresses exist ,  
they are unlikely t o  be a significant contributor to slaking . The 
acidic environment provided by p l.ant roots, although it does cause some 

1 86 



weathering of soil and rock materials, is also unlikely t o  be a signifi­
cant fact or in the slaking process, particularly in light of increased 
acidic rainwater and frequent occurrence of acidic spoils. 

A number of site-specific fact ors can influence t he slaking­
vegetat ion relationships cited above and include the following: 

• The posit ion of potentially slakable materials in 
the spoil pile with respect to  the plant root
zone.

• The presence or absence of a nat ural t opsoil
surface layer (placed during reclamat ion), its
thickness, and t he spo il surface preparat ion
t echniques u tilized prior to t opsoil placement .

• The rate and, more importantly, 
disintegration of spoil mat erials 
t o  the plant root zone .

the degree of
within or close

• The charact eristics of materials susceptible t o
slaking, including their inherent grain size,
clay mineralogy, and cont ent of sulfide minerals
(e. g. , pyrit e) .

• The slope of t he spoil pile surface and t he
interface between topsoil and slakable mat erials,
if present .

• The nature of the t opsoil-slakable material in­
terface, if present, particularly with respect t o
very abrupt changes in soil t ext ure (grain size),
struct ure, density, and pore size distribut ion.
Topsoil-spoil interfaces typically consist of
relatively fine-grained material overlying coars­
er materials. Most water movement within topsoil
mat erials occurs by capillary act ion whereas
gravitational flow is dominant within spoil mat e­
rials. Because capillarity is often broken at
the t opsoil-spoil interface, excess water accumu­
lat es a t  t his point which can accelerat e  t he
slaking process and t hus affect the physical
properties of the material.

• Various environmental fact ors, including specific
characteristics of the vegetation itself (part ic­
ularly the nat ure of the root syst em) and local
surface hydrologic relationships (e. g.,  rainfall
distribution, runoff) . The nat ure and ext ent of
the  root syst em is important  t o  the slaking
process. Taproot plants, including legumes and
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many tree and shrub species, produce relatively 
few large roots that may extend to greater depths 
than plants with fibrous root systems. The 
fibrous root systems, therefore, could broadly 
affect near-surface spoil materials while slaking 
effects from taproot species would be more con­
centrated in isolated areas within the spoil. 

Ground cover may al so affect local hydrology. 
Plants wh ich provide a high percentage of ground 
cover, such as grasses and legumes, reduce the 
impact of raindrops on the spoil surface, reduce 
runoff, and increase infiltration. Local topog­
raphy may increase runoff or cause ponding, sheet 
flow or channel flow, and influence runoff veloc­
ity. These local hydrologic features may in­
crease or decrease the impact on slaking and 
erosion depending on site conditions. 

These factors should be evaluated during mine planning to optimize 
reclamation procedures and resulting impacts of slaking. 

1 0. 3  PROPOSED CLASSIFICATION SYSTEM 

The slaking of surface mine spoils has been shown to be a complex 
problem with several inter related variables. Because information 
provided from both field and laboratory investigations is necessary to 
accurately assess the impact of many of these factors, a complete clas­
sification scheme must include both aspects. For example, bedrock ex­
posures or aged spoils may be examined to study the influence of time 
and climatic conditions on different materials while laboratory tests 
can provide detailed information regarding specific behavioral charac­
teristics under controlled and accelerated conditions. Accordingly, the 
proposed classification system outlined below incorporates the strongest 
and most reliable aspects of the field and laboratory investigations 
conducted for this study to predict the ultimate behavior of material in 
surface mine spoils. Finally, the predicted behavior is used to address 
design measures that can minimize potentially adverse environmental 
effects of slaking. 

Based on the field observations and laboratory results, a ranking 
of slaking potential by degradation index was first developed. The 
ranges for the various categories have been designed so as to group 
lithologies of similarly observed behavior. It is based on analysis of 
coarse size samples using either the eye lie wet /dry or eye lie rate of 
slaking tests in water. The coarse size sample is recommended in view 
of the size effects on test results as discussed previously. The tests 
were selected based on the agreement between laboratory test results and 
observed field behavior as well as the simplicity of required testing 
methods. 
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The proposed 
as fol lows: 

• DI =
• DI =
• DI =
• DI =

ranking of slaking potent ial by degradation index is 

0 t o  10 percent, Very Low Slaking Pot ential 
10 t o  25 pe r cen t,  Low Slaking Po t en t ial 
25 to  50 percent, Moderat e Slaking Pot ential 
50 to 100 percent, High Slaking Potential 

Lithologies with a very low slaking pot ent ial t ypically are resis­
t ant t o  breakdown over relatively long periods of time when placed in 
spoil and can be expected to cause few, if any, adverse environment al 
effects. Lithologies with low slaking pot ent ial undergo some breakdown; 
however, the rate and degree of slaking is generally insufficient to  
cause adverse environment al effec ts. Lithologies with moderat e  slaking 
potent ial exhibit significant breakdown either in t erms of rate or de­
gree. Adverse environmental effects may result depending on the propor­
tion of material present at any one location, mode of slaking, and site­
specific features. Lithologies with a high slaking potent ial typically 
exhibit ext reme breakdown with potentially adverse environmental effects 
result ing. These impacts depend on slaking mode and site-specific fea­
tures such as the 1 ithotype percent age in t he overburden and mining 
techniques. The degradation index is a fundamental input parameter in 
the c lassification system outlined below. 

The proposed classificat ion system is based upon a series of field 
and laboratory decision filters. Each port ion of the system provides 
the necessary ingredients to  ident ify pot entially problematic geologic 
materials. In addition, the final mixt ure of slakable and nonslakable 
units in spoil piles is considered, ut ilizing information obtained dur­
ing the field program. It should be noted, however, that because t his 
system is based upon limited information obtained from only seven sites 
(four of which were st udied in detail), t he proposed scheme is t ent ative 
and additional input is warranted. 

The proposed system is present ed in Figure 10-1 and includes those 
t echniques that were found to  reliably predict  the slaking potent ial and 
behavior of geologic materials. It  is divided into field and laboratory 
phases and ut ilizes relatively simple inspec t ion and routine t est proce­
dures that are often a part  of surface mine permit t ing programs. 

Examination of bedrock out c rops can provide much useful information 
regarding t he behavior of geologic materials upon exposure and is in­
c luded as a major component of t he preliminary field reconnaissance pro­
gram. Information perta ining t o  t he type and quantity of various litho­
logic units within the overburden can be det ermined and the impact  of 
slaking can be part ially assessed. Of particular importance are the 
type and quantity of fine-grained sediments because these fact ors bear 
a direc t relat ionship t o  the nature of problems that may be encountered 
following spoiling ope rat ions. Because various lithotypes have shown 
tendencies to deteriorate by particular slaking modes (e. g. , siltstones 
and shales by ch ip slaking), deviation from t hese pat terns may indicate 
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OF WEATHERING (e.g. BLOCK FALLS, CHIPPING, 
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MINIMIZE SLAKING AFTER BURIAL. 
NO SPECIAL SEDIMENT CONTROL REQUIRED. 

PARTIAL OR COMPLETE 
DISAGGREGATION 

SETTLEMENT, STABILITY AND SEDIMENT 
PROBLEMS MAY DEVELOP I F  LITHOTYPE 
COMPRISES MORE THAN 50% OF THE 
OVERALL SPOIL COMPOSITION. (I) 
SPECIAL DESIGN AND MANAGEMENT 
TECHNIQUES MAY BE REQUIRED 

BREAKDOWN­
SLIGHT TO NONE 

"CHIP SLAKE" 

PARTIAL 
D ISAGGREGATION 

I I )BASED OX HOMOGENEOUS MIXING OF LITHOTYPES DUR/NC PLACEMENT 

PR O PO S ED C LASS IF ICATION SYSTE M 

NO SPECIAL DESIGN 
MEASURES REQUIRED 

SETTLEMENT. STABILITY AND 
SEDIMENT PROBLEMS MAY 
DEVELOP IF LITHOTYPE COMPRISES 
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SPOIL COMPOSITION. / 1 i 
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unusual compositional properties. Finally, a reliable indication as to 
the ultimate behavior of spoil materials can be obtained through exami­
nation of existing local surface mining operations. 

Drilling programs that are routinely implemented as part of many 
environmental or exploration activities represent an excellent opportun­
ity to compare fresh rock samples to the behavior observed in bedrock 
exposures. Because the carbonate content of many rock types appears to 
be related to durability, fresh rock core should be tested with dilute 
hydrochloric acid (HCl ) to provide useful information regarding the 
chemical composition of the cementing agent of these materials. Accord­
ingly, if nonargillaceous sandstones show very little to no reaction 
with HCl and rock exposures indicate relatively good durability, the 
need for further testing or special design considerations can be elimin­
ated. The behavior of sandstones with carbonate cements or fine-grained 
sediments cannot be reliably ascertained at this stage. Therefore, one 
or more laboratory phases must be used to further delineate their slake 
potential. 

The laboratory testing program is designed as a two-phase filtering 
system. The principal purpose is intended to separate durable from non­
durable geologic materials based on two tests using crushed, powdered 
rock samples (1:1 pH and cation exchange capacity ). As described previ­
ously (Section 9.2.3), a relationship exists between CEC and 1:1 pH that 
can be extended to include rock durability based on a five-cycle degra­
dation index (DI). Figure 1 0-2 demonstrates that the DI increases with 
increasing 1:1 pH and CEC. This behavior is related to the influence of 
carbonates and various clay mineral phases. To incorporate this behav­
ior into the proposed classification scheme, a DI value of SO percent 
(representing the delineation between moderate and high degradation lev­
els ) was selected as a threshold. This value, in conjunction with the 
chemical performance of the suite of materials tested, suggested that 
maximum limits of 7.8 (1:1 pH) and 15 meq/100 g (CEC ) be utilized, as 
indicated in Figure 1 0-2, as criteria to assess the need for durability 
testing. If, for a particular sample, the preliminary test results fall 
below these boundaries (cross-hatched zone in Figure 1 0-2), no further 
testing is necessary nor special design measures beyond normal practical 
requirements expected. If either of these bounds is exceeded, then 
further testing is required. 

The final stage in this classif ication system utilizes durability 
testing. This may be readily and simply accomplished by subjecting the 
remaining samples to either of the cyclic durability test procedur es 
(i.e., cyclic wet/dry or cyclic rate of slaking at 1 1 0 degrees Celsius ) 
described previously. Based on results from the laboratory program, it 
is recommended that these tests be conducted using coarse fragments, 1 -
1/2 inches (38 millimeters ) o r  larger, and water as the slaking medium. 
Intensity and mode of breakdown then can be identified, compared with 
the results of the field reconnaissance, and appropriate design consid­
erations can be implemented to minimize potential environmental impacts 
of spoiling these materials. 
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The evaluat ion of the durability test result s is based upon t he 
int ensity of slaking and the breakdown mode . If the degradation index 
is less than SO percent, no special problems are likely t o  arise unless 
samples that partially disaggregate  are expect ed t o  comprise more than 
75 percent of the spoil . In this case, some degree of sett lement /  
stability  or  sediment a t  ion/erosion problems may arise . More serious 
problems may be encountered if degradation index values of 50 percent or 
more are a t tained unless special design or management t echniques are im­
plemented . This is part ially t rue for those spoils which are comprised 
of more than 50 percent of litho types t hat partly or complet ely disag­
gregate during t esting . Alt hough set tlement /stability pr oblems may be 
encount ered with siltstone and shale, sediment cont rol is expect ed t o  be 
minimal because these materials appear t o  slake t o  an equilibrium size 
which minimizes the quant ity of fine sediment . 

The assessment of spoil management cont rol measures for the above 
categories was developed from the field program conduct ed at Sites A 
thr ough D .  At each of t hese sites, the reclamation procedures t hat are 
pract iced follow relat ively routine pat terns that seem t o  pr ovide suffi­
cient amounts of breakdown and densification t o  minimize slaking ef­
fect s .  These result in relat ively minor pr oblems (mostly surficial) 
despit e  the fact that some lithotypes developed higher t han expect ed DI  
values (e . g . , gray siltst one at Site  B) or were present in sampled 
spoils in relatively high amounts (e . g . ,  60  t o  70 percent mudst one at 
Site D) . This suggests that the effort  expended during excavat ion, 
handling, and placement and the intermixing of durable and nondurable 
sediment s  can control, t o  a large degree, the ultimate behavior of geo­
logic materials . Therefore, present spoiling and reclamation pr act ices 
may overcome the majo rity of problems that could be associat ed with low 
durability materials . Sect ion I 0 . 4 suggests  various techniques which 
may be implemented t o  cont rol the slaking process if standard procedures 
are inadequate . 

This classificat ion system was developed using informat ion pr ovided 
from a few sites selected t o  cover a broad range of conditions that may 
be encountered at  o ther surface coal mining areas in the east ern and 
central Unit ed States .  Accordingly, applicat ion of this scheme t o  other 
locations will pr ovide necessary expansion of baseline dat a  and a bet t er 
definit ion of the various relat ionships used as a foundat ion . With suf­
ficient data, the pH/CEC/D I correlation can then be reevaluated . If i t  
remains relatively constant, then the durability t esting por t ion of t he 
proposed system can be eliminated and engineering assessment can be made 
based upon this empirically derived relat ionship . 

10 . 4  MANAGEMENT TECHNOLOGY 

A variety of alt ernative management technique s is available if 
st and a rd spoiling procedures are insufficient t o  cont rol slaking . The 
most viable alternat ive for any part icular situation will depend on a 
variety of fact ors . However, based on t he result s of this study, t hree 
general principles will assist in con t rolling slaking . These follo w :  
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• Maintain reclamation activities as concurrent as
possible with active mining operations.

• Optimize material hand l ing during mining and
reclamation operations.

• Minimize the area disturbed at any one time.

Maintaining reclamation concurrent with mining operations minimizes 
the time period from initial excavation to final reclamation. Spoils 
generally are most susceptible to slaking during this time because lit­
_tle or no vegetative cover is available and minimum compaction exists. 
Reducing the amount of time when slaking agents can exert a maximum 
effect on spoils will not only reduce slaking and adverse environmental 
effects but will also insure that reclamation proceeds in a timely and 
cost-effective manner. 

Reduction of material handling will reduce the crushing, grinding, 
and weakening of spoil materials and, therefore, minimize the resulting 
sedimendation problems which occur during excavation, movement, place­
ment, and grading of spoils. An increase in sedimentation problems can 
be correlated with the advent of laws which require extra handling and a 
general increase in the weight, capacity, and power of stripping equip­
ment. However, explosive casting in which overburden is blasted to fall 
where it can be reclaimed without being transported by equipment is one 
recently developed technique used to minimize material handling. 

Although a reduct ion in initial environmental impacts, such as 
sedimentation, can be realized by minimizing the material handling or 
machine contact, long-term effects may be increased. This occurrence is 
related to "size equilibrium" mentioned in Chapter 9. 0. The final frag­
ment size (slabs, blocks, chips, or inherent particles) is a function of 
material properties. Once excavated, the duration of:" slaking is par­
tially governed by initial fragment size ; the larger it is, the longer 
it takes before "equilibrium size" is obtained. Therefore, minimizing 
the material handling is not always the best solution ; it is better to 
optimize material handling based on the slakability of the lithotypes 
present in the spoils. 

Because most slaking appears to be confined to the near surface 
zones of spoil piles, materials placed at depth will undergo little 
slaking. However, those materials placed in the "near surface" zones 
(i. e. , influenced by slaking processes) should be subjected to addi­
tional machinery traffic. This would create a surface layer that would 
almost instantaneously reach the equilibrium size and reduce future 
impacts of slaking. Increased traffic or handling can also increase the 
surface density, thus minimizing atmospheric effects on the underlying 
spoils. To avoid sediment at ion problems, revegetat ion should occur 
directly following these procedures. 

1 94 



Minimizing the area disturbed at any one time will reduce the vol­
ume of material subjected to maximum stress from slaking agents. Even 
if undesirable environmental effects do occur, they will be of a magni­
tude where they can be more easily and ef ficiently controlled, Mining 
and reclamation activities will also proceed in a more orderly and 
efficient manner. 

Selection of a specific alternative to control slaking in surface 
mine spoils should consider the following factors: 

• The significance of slaking and related problems.

• Material heterogeneity.

• Simple, direct methods which can be integrated
into a mining plan.

• Cost effectiveness,

The significance of slaking and related problems may be evaluated 
by field observations and laboratory testing (Section 10. 3) or indirect 
means such as citizen complaints or bond release problems. Slaking­
related problems which have serious or major adverse effects may require 
extensive modification to standard procedures or  implementation of inno­
vative techniques. Minor problems may be rapidly and inexpensively 
alleviated. 

Material heterogeneity is a function of mining methods and over­
bur den characteristics. Where a slakable lithology is mixed with 
nonslakable material in spoils and adverse effects are encountered, re­
medial techniques become expensive due to the large volume of material 
involved. Segregation of problem materials during excavation may be a 
more efficient and effective technique when slaking is of a magnitude to 
warrant such treatment. 

Simple, 
an ongoing or 
most readily 
Methods which 
potential for 

direct control methods which can easily be integrated into 
proposed mine plan will be the most efficient and also the 
accepted and implemented by mining company personnel. 
are easy to initiate and carry out will have the greatest 
success, 

Management techniques to control slaking of problematic materials 
include but are not limited to the following: 

• Stockpiling of slake-prone materials.

• Isolation within slake-resistant materials.

• Segregation with extra stabilization techniques.
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• Modification of blasting and excavation proce­
dures.

• Cont a inment wit h in t emporary  or p erma nent
structures.

• Improved hydrologic controls.

• Chemical or physical treatments.

• Accelerated slaking under controlled conditions.

The application of any of the preceding control measures 
may require a variance from federal or state laws and regulations. 

Stockpiling slake-prone materials can be a viable alternative where 
instability of fresh spoil causes slides into the working pit, degrades 
water quality, or otherwise affects coal production and reclamation. 
Slake-prone materials can be removed and stockpiled using procedures 
similar to those now employed for topsoil stripping and stockpiling. As 
mining progresses, stockpiled material can be disposed of by deep burial 
within the backfill area. The relative ease with wh ich stockpiling and 
subsequent disposal can be conducted depends on the extent and location 
of the slakable lithologies, blasting patterns, and stripping equipment. 
Stockpiling could most easily be utilized where the slakable lithologies 
are located near the top of the highwall, near a coal seam, or where the 
overburden is shot in a series of 1 ifts. The major disadvantage of 
stockpiling is the requirement for double handling of the material. 

Slaking may also be control led by isolating slakable lithologies 
within more resistant materials. This technique is similar to stock­
piling except that slakable materials would be placed immediately after 
excavation in the area previously mined. This technique could be con­
ducted in a manner similar to that used for disposal of partings, carbo­
naceous roof shales, and other potentially acidic materials by burial in 
the backfi 11 area or layering of the s lakab le material between more 
durable lithologies. The principal advantage to this method is that 
disposal of slake-prone materials proceeds concurrently with mining and 
direct exposure to the environment is minimized. The relative ease of 
implementing this control technique is dependent on location and extent 
of lithologies and blasting and excavation techniques. 

Slaking may be controlled by segregation of materials in conjunc­
tion with other techniques which include but are not limited to terrac­
ing, use of diversion ditches, heavy mulching rates, and compaction. 
These measures control slaking by controlling the volume and velocity of 
water flow over and through the spoil area. The principal disadvantages 
to this control method include the machinery and manpower requirements 
to segregate the slakable materials and the costs for periodic mainten­
ance of hydrologic structures. 
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Modifica t ion of excava t ion t echniques can be performed as a 
separa t e  cont rol measure or in conjunct ion wi th  o t her t echniques . 
Excavat ion techniques can be modified t o  opt imize materials hand ling, 
which will improve efficiency as well as reduce the overall effect s of 
slaking . Optimal spoil handling methods will differ depending on site 
characterist ics but may include varying the exposure t ime of slakable 
1 itho logies . Prompt excavat ion and cont rol led placement at sites with 
large quant ities of slakable material could minimize slaking and associ­
at ed adverse effects .  At other sites, induced breakdown of materials by 
handling, transport, and traffic prior t o  final reclamation may be de­
sirable t o  provide conditions suitable for vegetative growth .  Modified 
excavation procedures may be necessary when stockpiling, isolation, or 
segregat ion techniques are used as discussed previously .  

Slake-prone materials may be cont rolled by containment within t em­
porary or permanent struct ures . Embankments, f i lls, or other properly 
designed struct ures, can be used t o  hold slake-prone materials . This 
control method can be conduct ed in a manner similar t o  t echniques used 
for coal wast e disposal or head-of-hollow fill construct ion, Design, 
const ruct ion, and maint enance costs are the principal disadvantages of 
th is t echnique . 

Improved hydrologic cont rols may be a viable t echnique for control­
ling adverse environmental effect s of slaking . Current stat e  and feder­
al regulat ions require sediment ponds and other hydrologic struct ures . 
Strategically placed sediment ponds, t erraces, diversion ditches with 
nonslakable rock riprap, or other properly designed struct ures, can sig­
nificantly reduce slaking-related problems . This t echnique is relat ive­
ly inexpensive to implement and can easily be incorporated into a mining 
and reclamat ion plan . 

Chemical or physical treatments may be considered as alternat ive 
control methods . The use of mulches, binder emulsions, net t ing, fenc­
ing, flocculent s, or other means may be employed to control slaking and 
adverse environmental effect s .  The use of nonslakable lithologies act ­
ing as a rock mulch, which is a naturally occurring phenomenon on most 
mine sites, should also be considered, The feasibility of using any of 
these t reatment s depends on the availability and cost of materials as 
well as the amount of slakable lithologies . 

Accelerated slaking under con t rolled condit ions may also be a 
viable alt ernat ive in some instances . This t echnique would involve 
placing slake-prone material in an environment where it is exposed t o  
wet-dry cycles . Slaked materials are controlled by sediment ponds, 
embankment s, or other features, with the slaked material ult imately 
disposed of by burial wit hin a fill area . Such a t echnique would 
require periodic monit oring, maintenance of s truct ures, and disposal . 

Slaking is control led on most mine sites by current mining and 
reclamat ion techniques . Blasting, excavat ion, and placement techniques 
commonly result in the blending of slake-prone lithologies with  more 
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durable materials . This results in a relatively stable matrix which 
contains or controls adverse environmental slake-related effects . Most 
adverse effects result from slaking occurring at or near the surface of 
the placed spoil . Mulching, the rapid establishment of a thick vegeta­
tive cover, sediment ponds, and other reclamation activities signifi­
cantly reduce these impacts . 

Specific mine sites may have more severe slaking-related problems 
which cannot be adequately controlled by routine reclamation techniques . 
In these instances, the use of alternative control measures such as 
those discussed previously should be considered . Mine site conditions 
including overburden and spoil characteristics, mining methods, and 
available equipment will determine wh ich alternative will be the most 
effective and efficient technique to implement . 
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included rate of slaking test, jar-slake test with 
water content measurement, and standard compression 
softening tests; two classification systems are pro­
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softening test results and one based on rate of 
slaking test results. 

Fenneman, N. M., 1938, Physiography of Eastern United States, McGraw­
Hill Book Co., New York, New York, 714 pp. 
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eastern portion of the United States with general 
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Elsewhere, 11 Quarterly Journal of Engineering Geology, Vol. 4, pp. 139-
185. 

A case study of field and laboratory tests to assess 
weathering and weatherability with suggestions for 
designating rock quality for mapping and core log­
ging; materials considered included granite, doler­
ite, limestone, and mudstone; weathering grade and 
fracture spacing receive major consideration; point 
load testing and Schmidt hammer testing were util­
ized for strength evaluation; the case location is 
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Franklin, J. A., 1970, "Classification 
ical Properties," Ph.D. Dissertation, 
London, London, England, 155 pp. 

of Rock According to Its Meehan­
Imperial College, University of 
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A review of field and laboratory procedures for 
describing rock materials with a brief discussion of 
applications; logging techniques include geologic 
description, fracture spacing indices, strength 
logging with a point load device, strength aniso­
tropy index, and slake-durabilitiy index; applica­
tions described include dril ling, blasting, excava­
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aggregate selection, and rock quality designation. 

Franklin, J. A. and R. Chandra, 1972, "The Slake-Durability Test," In­
ternational Journal of Rock Mechanics and Mining Science, Vol. 9, pp. 
325-34 1. 

A description of slake-durability test, details of 
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Gamble, J. C., 1971, "Durability-Plasticity Classification of Shales and 
Other Argillaceous Rocks," Ph.D. Dissertation, University of Illinois, 
Urbana, Illinois, 161 pp. 

A thorough review of shale classification systems 
for engineering applications and material properties 
affecting degradation, including the development of 
internationally standardized techniques for slake 
durability assessment and classification; the major 
conclusion is that a combination of plasticity clas­
sification with durability classification is most 
practical for a generalized prediction of problems 
with low durability, swelling, rebound, and low 
shear strength. 

Gipson, M., Jr., 1963, "Ultrasonic Disaggregation of Shale," Journal of 
Sedimentary Petrology, Vol. 33, No. 4, pp. 95 5-95 8. 

An investigation into the application of ultransonic 
disaggregation techniques for subsequent mechanical 
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effect on the final results for proportions of total 
sand, silt, and clay. 
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Sands tone, " CA-DOT-TL-2137-1-75 , University of California-Berkeley , 
Department of Civil Engineering , Geological Engineering Group for Cali­
fornia Department of Transportation , Sacramento ,  California , 128 pp. 

A report discus sing the applicability of various 
testing techniques for as sessing t he behavior of  
part ially weat hered s hales and s and s t ones . The 
inves tigation includes borehole jack measurements , 
s lake durabili t y ,  point load s t r eng t h ,  r adial 
permeabilit y ,  and direct s hear t es t s . Wit h  t he 
pos sible exception of  the radial permeability tests , 
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weathered rock behavior. 
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Heley, w .

A brief report of field observations of sandstone 
disintegration/durability in West Virginia mine 
spoils; major conclusions are that calcareous 
sandstones in West Virginia generally remain intact, 
a l though voids may develop and that argillaceous 
sandstones are the least durable, with breakage 
primarily along argil laceous partings; emphasis is 
on the usefulness of field observations of natural 
local outcrops in predicting sandstone behavior. 

and B .  N. Maciver, 1971, "Engineering Properties 
Shales, Report 1 : Development of Classification Indexes 
Shales, I I

Experiment 
Technical Reeort No. S-71-6, U.S. Army Engineer 
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Reserves of Eastern Kentucky," Bullet in l 120, U.S. Department of the 
Interior, Geological Survey, Washington, D.C., 247 pp. 

Overview of the coal fields in Eastern Kentucky with 
detailed descriptions of structure, stratigraphy, 
and available coal resources. 

Hudec, P.  P., 1978, "Development of Durability Tests for Shale Embank­
ments and Swamp Backfills," RR 216, Ontario Ministry of Transportation 
and Communication, Research and Development Division, Downsview, 
Ontario, Canada, 51 pp. 

An investigation of Ontario shales and an assessment 
of a wide range of testing techniques for durability 
prediction; test procedures included freeze/thaw, 
slake durability, wet/dry deterioration, rate of 
slaking, water adsorption, abrasion loss and dry 
bulk density, and a dielectric heating test; the 
wet/dry test and slake durability tests were con­
cluded to be the most generally useful. 
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Hudec, P. P. and J ,  R. Dunn, 1967, "Rock Deterioration: Frost Versus 
Sorption Sensitivity," presented at the Highway Research Board Meeting, 
Washington, D. C. , 39 pp. 

A discussion of investigations into the freezing 
behavior of water in argillaceous rocks in New York ; 
the major conclusion is that adsorptive forces are 
often more important than freezing of pore fluids in 
causing deterioration in rocks believed to be frost 
sensitive. 

Ingram, R. L. , 1953, "Fissility of Mudrocks," Bulletin, Geological 
Society of America, Vol , 64, pp. 869-878. 

A review of the breaking characteristics of mud­
rocks, including a triangulir diagram classification 
system with massive, flaky-fissile, and f laggy­
fissle end members ; type of fissibility was not 
found to correlate with clay mineral type ; cementing 
agents were the principai cause of observed differ­
ences. 

International Society for Rock Mechanics, Commission on Standardization 
of Laboratory and Field Tests, 1979 , Committee on Laboratory Tests, 
"Suggested Methods for Determining Water Content, Porosity, Density, 
Absorption and Related Properties and Swelling, and Slake-Durability 
Index Properties," International Journal of Rock Mechanics and Mining 
Sciences & Geomechanics Abstracts, Vol , 16, No. 2, pp. 148-156. 

A detailed description of standardized testing 
techniques which allows flexibility in the develop­
ment or improvement of techniques. 

Jensen, M. E. , ed. , 1974, Consumptive Use of Water and Irrigation Water 
Requirements, American Society of Civil Engineers, Technical Committee 
on Irrigation Water Requirements of the Irrigation and Drainage Divi­
sion, New York, New York, 215 pp. 

A review of theory and applications related to water 
balances in the soil-plant-atmosphere system ; 
although primarily for use in irrigation engineer­
ing, the principles are also applicable to evalua­
tion of water transfers in the near-surface portion 
of mine spoil piles. 

Keller, W. D. , 195 7, The Principles of Chemical Weathering, Lucas Bro­
thers Publishers, Columbia, Missouri, 111 pp. 
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A reference text on chemical weathering processes 
and products of weathering which provides a perspec­
tive for a consideration of slaking mechanisms; does 
not directly consider the slaking process. 

Kennard, M. F., J. L. Knill, and P. F. Vaughan, 
Properties and Behavior of Carboniferous Shale 
Quarterly Journal of Engineering Geology, Vol. 

1967, "The Geotechnical 
at the Balderhead Dam, 1 1 

1, No. 1, pp. 3-2 4. 

A detailed case study of shale materials used as 
fill in a dam; the geotechnical investigation in­
cluded an assessment of the weathering and ' disinte­
gration of the shale materials and provided observa­
tions supporting negative pore pressures and cement 
alterations as slaking mechanisms. 

Keystone Coal Industry Manual, 1978, Mining Informational Services, 
McGraw-Hill Mining Publications, New York, New York, 1265 pp. 

A reference manual for the coal mining industry, 
including listings of all mines and data on coal 
seams, overburden thickness, and other items where 
available. 

Kezdi, A., 1968, "Problems of Soil Mechanics in Open Cast Mining, Part 
2: Tip Stability Tests," Bergbautechnik, Vol . 8, p. 398, trans. by 
National Coal Board, Translating and Interpreting Branch, Trans. A-2758/ 
HSA, National Coal Board, London, England, 9 pp. 

A theoretical investigation of the stability of 
tipped material derived from open-cast mining 
operations. General consideration is given to the 
height and slope of tips, the strength of spoil and 
foundation materials, groundwater conditions, and 
the degree of spoil compaction. 

Komura, S., 1976, "Hydraulics of Slope Erosion by Overland Flow," Jour­
nal of the Hydraulics Division, ASCE, Vol. 102, No. HYlO, pp. 15 73-1586. 

Description of a computational equation for predict­
ing slope erosion rates; potentially useful for con­
ditions where the Universal Soil Loss Equation may 
not be accurate ; major parameters include the mean 
grain size, runoff coefficient, rainfall intensity, 
slope length and gradient, bare-soil ratio, and an 
erodibility coefficient. 
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Krause , R .  R . , 1973 , "Predicting Mined-Land Soil , "  Ecology and Recl ama­
tion of Devastated Land , R .  J ,  Hutnik and G .  Davies ,  eds . ,  Vol . 1 ,  
Gordon and Breach , Science Publis hers , Inc . , New York , New York , pp . 
121- 1 3 1 .

A general discussion of t he re lations hip between 
overburden weat hering , soil deve lopment , and recla­
mation ; suggest s  that exposed highwal ls  are better 
t han artificial ly weathered core-drill  s amples for 
predicting spoil disintegration . 

Krinit z sky ,  E .  L .  and C .  R .  Kolb ,  1969 , "Geological Influences on t he 
Stability of Clay Shale Slope s , "  Proceedings of t he 7th Annual  Engineer­
ing Geology and Soils  Engineering Symposium , Idaho Department of High­
ways , University of Idaho and Idaho State University , pp . 160- 175 . 

A general discussion of natural clay s hale s lope 
s tability , using case examples ; considers t he impor­
t ance of s laking and structural rel axat ion (recover­
abl e s t rain energy) a l ong wi t h  o t he r  factors . 

Krumbein , W .  C .  and L .  L .  Slos s ,  1963 , Stratigraphy and Sedimentation , 
2nd ed . ,  W .  H .  Freemand and Co , ,  San Francisco ,  California , 660 pp . 

A reference text on sedimentary materials , including 
a de t ailed review of geologic/taxonomic classifica­
tions of sedimentary materials . 

Laguros , J .  G . , 1972 , "Predict ability of Physical Changes of Clay­
Forming Materials in Okl ahoma , Final Report , "  Oklahoma Study No , 68-03-
!, OUR! Project 1677 , University of Oklahoma Research Ins titute for 
Okl ahoma Department of Highways and Department of Transportation , Fed­
eral Highway Adminis tration , 168 pp . 

An inve s tiga t ion int o  t he be havior of Okl ahoma 
s hales ; ultrasonic disaggregation techniques were 
utilized ; durability index tests  included t he sand 
equivalent me thod , a soaking met hod , and a hydrogen 
pyroxide me t hod ; t he general conclusion is that com­
ponent grain size distribution of s hales is a major 
factor affecting be havior and s hou l d  be u s e d  to 
select subsequent testing parameters , 

Les sing , P .  and R .  D .  Thomson , 1973 , "Clays of We st Virginia , Part I , "  
Mineral  Resources Serie s No . 3 ,  Wes t  Virginia Geological and Economic 
Survey , Morgantown , Wes t  Virginia ,  190 pp . 
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Summary of mineralogical, chemical, and economical 
analyses of selected shale and clay samples of var­
ious geologic units. 

Lowry, G. L. , 1961, "Some Physico-Chemical Properties of Weathering Coal 
Spoils and Their Influence on the Growth of Pine Seedlings, 11  Ph. D. 
Thesis, Michigan State University, Eas t  Lansing, Michigan, 141 pp. 

An inves tigation into the weathering and vegetation 
relationships of 19 spoils from Ohio ; the major con­
clusion regarding spoil weathering is that spoil pH 
has the greatest effect on the rate of weathering. 

Lut ton, R. J. , 1977, "Design and Construction of Compacted Shale Embank­
ment s, Vol. 3 :  Slaking Indexes for Design, Interim Report," Report No. 
FHWA-RD-77-1, U. S. Army Engineer Waterways Experiment Station, Soils and 
Pavement Laboratory for U. S. Department of Transportation, Federal High­
way Adminis tration, Offices of Research and Development, Washington, 
D. C , ,  88 pp.

An inves tigation of 158 shales collected throughout 
the Uni t ed S t a t e s  and t echniques f or predict ing 
their behavior in embankments ; the major conclusion 
is that the slake durability index or the jar-slake 
index provides the best  indication of durability 
behavior, 

Mathematica, Inc. , 1976a, "Evaluation of Current Surface Coal Mining 
Overburden Handling Techniques and Reclamation Practices, Phase I I : 
Central United States," Contract Report S014408 1, Mathematica, Inc,, for 
U. S. Department of the Interior, Bureau of Mines, Washington, D. C. , 110 
pp. 

An interim report on the classification of mining 
sys tems in the central United States ; the objectives 
of the s tudy were to provide baseline information 
for development of a surface coal mining and recla­
mation research program. 

Mathematica, Inc. , 1976b, "Evaluation of Current Surface Coal Mining 
Overburden Handling Techniques and Reclamation Practices, Phase I I I : 
Eas tern United States,'' Contract Report S0144081, Mathematica, Inc. , for 
U. S. Department of the Interior, Bureau of Mines, Washington, D. C. ,  185 
pp . 

An interim report on the classification of mining 
sys tems in the eas tern United States ; the objectives 
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of the study were to provide baseline information 
for development of a surface coal mining reclamation 
research program . 

Marachi , N .  D . ,  C .  K .  Chan , and H .  B .  Seed , 1972, "Evaluation of Proper­
ties of Rockfill Materials , 11 Journal of the Soil Mechanics and Founda­
tion Division, ASCE , Vol . 98, No . SMl, pp . 95-114 . 

A general discussion of a modeling technique to 
determine the properties of rock-fill materials . 
The results indicate that field behavior can be pre­
dicted with a high degree of accuracy . The tech­
nique consists of modeling the field gradation using 
laboratory samples with a parallel gradation . Test 
results show that the angle of friction and compres­
sibility is only slightly affected if the proposed 
method is employed . 

McKee, E .  D .  and E .  J .  Crosby , coords . ,  1975a, "Paleotectonic Investiga­
tions of the Pennsylvanian System in the United States , Part I ,  Intro­
duction and Regional Analysis of the Pennsylvanian System , "  Professional 
Paper 853,  U . S .  Department of the Interior , Geological Survey , Washing­
ton , D . C . ,  349 pp . 

Geological description of the entire Pennsylvanian 
section in the continental United States . Included 
in the study are structural and stratigraphic in­
terpretations such as sandstone-shale ratios for 
each unit . 

McKee , E .  D .  and E .  J .  Crosby, coords . ,  1975b, "Paleotectonic Investiga­
tions of the Pennsylvanian System in the United States, Part I I , Inter­
pretive Summary and Special Features of the Pennsylvanian System," Pro­
fessional Paper 853, U . S .  Department of the Interior, Geological Survey , 
Washington, D . C . ,  192 pp . 

Overview of special features peculiar to individual 
Pennsylvanian basins . Presented as a series of 
short papers , each dealing with a different basin 
and/or feature . 

McKee , E .  D .  and E .  J .  Crosby, coords . ,  1975c, "Paleotectonic Investi­
gations of the Pennsylvanian System in the United States , Part III, 
Plates , "  Professional Paper 853, U . s . Department of the Interior , Geo­
logical Survey, Washington, D . C . ,  17 plates . 

Maps and cross sections detailing the thicknesses 
and lithologies of various Pennsylvanian units as 
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we l l  a s  s tr u c t u r a l  hi s t ory dur ing and fo l l owing 
depos it ion and diageni s is . 

Metzger , W .  J . , 1965 , "Pennsylvanian Str atigraphy o f  the Warrior Bas in , 
Al abama , "  Circular 30 , Geological Survey of Alabama , Divi s ion o f  Paleon­
t o l ogy , S t r a t igraphy , and Ge ophy s i c s , Un ive r s i t y , Al ab ama , 80 p p .  

Det ai led descript ion o f  s trat igraphy in t he Warrior 
Bas in re lated to coal-bear ing un it s .  Inc ludes de­
tai led descript ion of the Pennsylvanian sect ion as 
wel l  as  a general ized s trat igraphic colunm .  

Mitche l l , J .  K . , 1976 , Fundamental s o f  Soi l  Behavior , John Wiley and 
Sons , New York , New York , 422  pp . 

A reference text on soil  behavior from a phys ical 
and engine e r i ng pe r s pe c t ive , inc lud i ng d e t a i l ed 
reviews o f  behavior mechani sms potent ial l y  important 
in s laking ( e . g . , double-layer repuls ion force ) ;
does  not  d i rec t l y c on s ider  t he s l ak ing p r o c e s s . 

Morgens tern , N .  R .  and K .  D .  E igenbrod , 1974 , "Classi ficat ion of  Argil­
laceous Soi l s  and Rock,  1 1  Journal of  t he Geotechnical  Engineering Divi­
s ion , ASCE , Vol . 100 ,  No , GTl 0 ,  pp . 1 1 3 7- 1 1 56 , 

A summary review of an invest igat ion o f  behavior o f  
s hales , primar i ly from Alberta , Canada ; two types of  
c lassi ficat ion sys tems are  proposed , inc lud ing one 
based on t he s t andard compres s ion softening test  and 
one based on t he rate of s laking test  ( change in 
l iquidity index ) and l iquid l imits .

Moriwaki ,  Y . , 1974 , "Causes  of  Slaking in Arg i l l aceous Material s , "  Ph. D .
Dis sertation ,  Univers ity of Cal i fornia ,  Berkeley , Cal i fornia ,  29 1 pp .  

A comprehens ive review of  s l aking , swel l ing , and 
d i spersion phenomena in argil laceous ma terial s , and 
a detai led mechanis t ic inve st igat ion o f  s laking be­
havior ut i l i z ing prepared mixtures of c lay mineral s 
with d i f ferent exchangeab le ion d istribut ions ; maj or 
parame t e r s  c on s idere d  inc luded  p hy s i c o- c hemi c al 
(mineralogy , adsorbed c at ions , electrolyte concen­
trat ions , and s l aking fluid pH) , a ir-evacuat ion , 
re l at ive humidity , consol idat ion pressure and com­
pac t ion , s i l t  content , and grain s ize dis tribution ;  
major s l aking modes  cons idered inc luded swe l l ing 
s l aking , di spers ion s lak ing , sur face s laking , and 
body slaking , 
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Murayama, S .  and N. Yagi,  1966 , "Swe l l ing of  Muds tone Due to Sucking o f
Water , "  Proceed ings of  the 1 s t  Congre s s  of  the International Soc iety o f  
Rock Mechanics , Vol . 1 ,  pp . 495-498 . 

A theoret i cal inve st igat ion of  mechani sms caus ing 
fai lure of new s l ope s or tunne l wal ls  in muds tone 
and c l ays tones ; hypothesizes  that failure may be 
caused by local unequal expans ion rel ated to the 
unequal di stribut ion of sucked water . 

Nakano , R . , 1 96 7 , "On Weather ing and Change of Properties  of  Tert iary 
Muds tones Related to Lands lide , "  Soil  & Foundat ions , Vo l .  7 ,  pp . 1-1 4 .  

A theoret ical inve s t igat ion into causes o f  softening 
of muds tones in a l and s l ide area in Japan ; materials 
were predominant ly montmori l lonit ic ; pore air com­
pres s ion was conc luded not to be a s ignificant cause 
of softening ; release of  Gibb ' s  free energy upon 
hydrat ion was conc luded to be the major factor in 
softening o'f muds tone s . 

Nat ional Coal Board , 1972 , "Review of  Research on Propert ie s  of  Spo il 
Tip Materials , 1 1 Lab . Re ference No . S / 7 307 , Wimpey Laboratories , Ltd . , 
Hayes ,  Middle sex , England . 

A summary of Br i t i sh research on the behavior of  
coarse and fine coal  re fuse ; major cons iderat ions 
inc lude shear s trength , mechanical breakdown , wea­
thering with in re fuse  piles , permeab il ity , consoli­
dat ion , and de s ign s tud ies for lagoon banks . 

Net t leton , A .  F .  S . , 
Aspect of  the Sl ake 
R-1 28 ,  Univers ity of
Aus t ra l i a ,  39 pp .

1974 , "An Inve st igat ion into a Phys ico-Chemical  
Durabil ity Weathering Tes t , "  UNICIV Report No . 

New South Wales , Kens ington , New South Wales , 

A comparison s tudy of the s lake durab i l i ty tes t ; 
recommendations include the use of high pH-di s pers­
ing agent solut ions for a s laking f luid , pre soaking 
f o r  24 h o u r s , and the  u s e  of the  me thyl ene b lu e  
absorpt ion test  as  a s imple phys ico-chemical  c las s i­
f icat ion test  for pred ict ion o f  durabil ity . 

Nevins , M .  J .  and D .  J .  We intr itt , 196 7 , "Determinat ion o f  Cat ion Ex­
change Capacity by Methylene Blue Ads orpt ion , "  Amer ican Ceramic Soc iety 
Bul l e t in , Vol . 46 , No . 6 ,  pp . 587-592 . 
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An investigation of the applicability of the methy­
lene blue adsorption test for determining the cation 
exchange capacity of aqueous drilling fluids. Ex­
periments showed the method to be simple, rapid, and 
accurate , Results compared favorably with those ob­
tained by the conventional ammonium acetate method , 

Noble, D. F. , 1977 , "Accelerated Weathering 
Report ," VHTRC-78-R20, Virginia Highway and 
Council , Charlottesville , Virginia, 38 pp. 

of Tough Shales , Final 
Transportation Research 

An investigation of techniques for differentiation 
between apparently tough but potentially rapidly 
weatherable shales ; materials included shales from 
Virginia; a modified sodium sulfate soundness test 
and a sulfuric acid test are recommended for classi­
fication of tough shales . 

Ollier , C. D. , 1969 , Weathering , Longman Group, Ltd , , London , England, 
304 pp. 

A reference text on weathering processes , including 
detailed discussions of physical , chemical, and bi­
otic mechanisms; discussion of hydrology-weathering 
relationships and rates of weathering is also in­
cluded . 

Olson , R. E. and G. Mesri, 1970 , "Mechanisms Controlling Compressibility 
of Clays," Journal of the Soil Mechanics and Foundations Division, ASCE, 
Vol , 96 , No. SM6, pp. 1863-18 78. 

A laboratory investigation of compressibility rela­
tionships to mineralogy and adsorbed cations/pore 
fluid chemistry;  prepared samples consisted of 
sodium or calcium illite, kaolinite , and smectite; 
the highest swelling indices were for Na-smectite , 
with Na-illite , Ca-illite, and Ca-smectite showing 
intermediate values , and both Na-kaolinite and Ca­
kaolinite had very low swelling indices. 

O'Neill , B. J. , Jr. , D. M. Lapham, M. G. Jaron , A. A. Socolow, R. D. 
Thomson , and H. P. Hamlin, 1965, "Properties and Uses of Pennsylvania 
Shales and Clays," Bulletin MSl, Fourth Series, Pennsylvania Department 
of Environmental Resources , Topographic and Geologic Survey , Har risburg , 
Pennsylvania, 448 pp. 

Summary of mineralogical, chemical , and economical 
analyses of select clay and shale samples located 
within Pennsylvania. 
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Parate, N .  S . ,  1973, "Influence of Water on the Strength of Limestone," 
Transactions , Society of Mining Engineers, AIME, Vol . 254, pp . 127-131 .  

A theoretical investigation into mechanisms of 
strength reduction caused by wetting of limestones; 
surface energy reduction is concluded to be a sig­
nificant factor in the reduction of compressive, 
tensile, and shear strengths . 

Penner, E . ,  J . E .  Gillott, and W .  J .  Eden, 1970, "Investigation of Heave 
in Billings Shale by Mineralogical and Biogeochemical Method," Canadian 
Geotechnical Journal, Vol . 7, pp . 333-338 . 

An investigation of the causes of shale heave in 
basement floors in Ottawa, Canada; expansion upon 
weathering of pyrite in the presence of autotrophic 
bacteria was concluded to be the principal cause of 
heave . 

Pettijohn, F .  J . ,  1957, Sedimentary Rocks, 2nd ed . ,  Harper and Row Pub­
lishers, New York, New York, 718 pp . 

A reference text on sedimentary rocks, including a 
detailed review of geologic/taxonomic classification 
systems . 

Philbrick, S .  S . ,  1950, 
Applied Sedimentation, P .  
Inc . ,  New York, New York, 

"Foundation Problems 
D .  Trask, ed . ,  Chap . 
pp . 147-167 . 

of Sedimentary Rocks," 
8, John Wiley and Sons, 

A general summary of steps that are required to 
evaluate foundation conditions with particular em­
phasis on sedimentary rock sites . A general dis­
cussion of the testing, investigation, and classi­
fication procedures that can be used is presented . 
A small portion of the testing section relates to 
the need for weathering tests to determine the sus­
ceptibility of sedimentary rocks to deterioration by 
weathering processes . 

Piper, A .  M . ,  1933, "Groundwater in Southwestern Pennsylvania," Bulletin 
W-1, Pennsylvania Topographic and Geologic Survey, 406 pp .

Summary of water-bearing formations . Includes gen­
eral descriptions of various stratigraphic units in 
the Pennsylvania section . 
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Plass, W. T. and W. G. Vogel, 1973, "Chemical Properties and Particle 
Size Distribution of 39 Surface Mine Spoils in Southern West Virginia, "  
Research Paper NE-276, U.S. Department of Agriculture, Forest Service, 
Northeastern Forest Experiment Station, Upper Darby, Pennsylvania, 8 pp. 

An investigation of chemical ( ph, phosphorus, ex­
changeable acidity, fertilizer response) and phys­
ical ( grain size) characteristics of mine spoils; 
grain size distributions were not correlated with 
age of spoils. 

Quigley, R. M., J. E. Zajic, E. McKyes, and R. N. Yong, 1973, "Oxidation 
and Heave of Black Shale," Journal Soil Mechanics and Foundations Divi­
sion, ASCE, Vol. 99, No. SMS,  pp. 417-421. 

An investigation into the causes of floor slab heave 
caused by expansion of shale in Ottawa, Canada ; it 
was concluded that oxidation of pyrite and the ulti­
mate formation of gypsum were the principal causes 
of heave. 

Reidenouer, D. R., 1970, "Shale Suitability, Phase II,  Interim Report 
No. 1," · Research Report No. 68-23, Pennsylvania Department of Transpor­
tation, Bureau of Materials, Testing and Research, Harrisburg, Pennsyl­
vania, 198 pp. 

An investigation of shale suitability for use as 
granular material in highway construction in Penn­
sylvania; tests utilized included gyratory compac­
tion, wet-dry slake, Washington degradation, ethy­
lene glycol soaking , specific g ravity, percent 
absorption, mineralogical and chemical analysis, and 
petrographic analysis; major conclusions for the 
materials tested were that durability is not signif­
icantly correlated with percentage of specific clays 
or total clay, but that durability is directly cor­
related to the thickness of laminations. 

Reidenouer, D. R., E. G. Geiger, Jr., and R. H. Howe, 1974, "Shale Suit­
ability, Phase II, Final Report," Research Report 68-23, Pennsylvania 
Department of Transportation, Bureau of Materials, Testing and Research, 
Harrisburg, Pennsylvania, 146 pp. 

A summary review of research on the evaluation of 
shales for use as construction materials in Pennsyl­
vania ; the ultrasonic disaggregation test is con­
cluded to be the most sensitive indicator of dura­
bility; a two-phase procedure is recommended for . 
durability evaluation, with field evaluation of 
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lamination thickness and weathering characteristics 
used as a screening phase prior to using an ethylene 
glycol soaking test and the Washington degradation 
test for final evaluation. 

Reidenouer, D. R., E. G. Geiger, Jr., and R. H. Howe, 1976, "Suitability 
of Shale as a Construction Material," Living with Marginal Aggregates, 
Special Technical Publication STP 597, American Society for Testing and 
Materials, Philadelphia, Pennsylvania, pp. 59-75. 

A summary of research on shale evaluation for use as 
construction materials ; field evaluation of lamina­
tion thickness and weathering characteristics is 
recommended to screen samples for testing by ethy­
lene glycol soaking and the modified Washington 
degr adation p rocedu r e ; 1 imi ting values of the 
Washington degradation factor are selected for spe­
cific uses of shale in construction. 

Rodin, S., 1973, "Tip Materials and Stability Researched," Ground Engi­
neering, Vol. 6, No. 1, pp. 14-16. 

A brief discussion of highlights of British research 
on coal refuse pile stability ; topics reviewed in­
clude the breakdown and weathering of coarse refuse, 
shear strength of coarse refuse, pore pressures, 
flow slides, and design studies for lagoon banks. 

Rothrock, H. E., 1949, "Geology and Coal Resources of the Northeast Part 
of the Coosa Coal Field, St. Clair County, Alabama," Bulletin 61, 2 
Parts, Geological Survey of Alabama, Unive rsity, Alabama, 163 pp. 

Detailed analysis of structure, stratigraphy, and 
coal resources. Includes a stratigraphic section of 
the Coosa field. 

Russell, E. W., 1973, Soil Conditions and Plant Growth, 10th ed., Long­
man, London, England, 849 pp. 

A reference text on soil physics, chemistry, and 
biology as r elated to  plant g rowth ; includes a 
review of soil physical conditions related to root 
development relevant to the relationship between 
mine spoil disintegration and revegetation success. 
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Sangrey, D. A. , D. K. Noonan, and G. S. Webb, 1976, "Variation in Atter­
berg Limits of Soils Due to Hydration History and Specimen Preparation," 
Soil Specimen P reparation for Laboratory Testing, Special Technical Pub­
lication STP 599, American Society for Testing and Materials, Philadel­
phia, Pennsylvania, pp. 158- 168. 

A laboratory investigation of the effect upon Atter­
berg limit determinations by drying and rewett ing 
soils prior to testing; rehydration was found to be 
time dependent, and a 24-hour rewetting time may be 
insufficient; the research recommended that the ASTM 
standard  allow fo r  testing of nondr ied samples, 

Saunders, M. K. and P. G. Fookes, 1970, "A Review of the Relationship of 
Rock Weathering and Climate and Its Significance to Foundation Engineer­
ing," Engineering Geology, Vol. 4, pp. 289-325. 

A review of rock weathering related to engineering 
problems with an international scope; includes a 
summary of various approaches to describing in situ 
grades of weathering for  rock materials. 

Seed, H. B. , J. R. Woodward, and R. Lundgren, 1964, "Clay Mineralogical 
Aspects of Atterberg Limits, 1 1  Journal of the Soil Mechanics and Founda­
tions Division, ASCE, Vol, 90, No. SM4, pp. 107-131. 

An investigation of the utility of Atterberg limits 
for soil behavior evaluation utilizing prepared clay 
mixtures; activity of a clay (plasticity index di­
vided by percent total clay) is shown to be a useful 
parameter and the activity is shown to be related to 
the mineralogical composition; higher activities are 
indicative of greater swelling behavior. 

Shamburger, J. H. , D. M. Patrick, and R. J. Lutton, 1975, "Design and 
Construction of Compacted Shale Embankments, Volume 1: Survey of P rob­
lem Areas and Current Practices, Interim Report, 11 Report No. FHWA-RD-
75-61, U. S. Army Engineer Waterways Experiment Station, Vicksburg, 
Mississippi, 288 pp. 

A comprehensive review of shale highway embankment 
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227 



Stout, W. , 
Circular 4, 
bus, Ohio. 

1947, "Generalized Sett ion of Rocks of Ohio," Information 
Fourth Series, Ohio Department of Natural Resources, Colum-

Descr iptions of various coal-bearing stratigraphic 
units . 

Strohm, W. E. , Jr. , 1978, "Design and Construction of Compacted Shale 
Embankments, Vol. 4: Field and Laboratory Investigations, Interim 
Report," Report No. FHWA-RD-78-14O, U. S. Army Waterways Experiment 
Station, Geotechnical Laboratory for U. S. Department of Transportation, 
Federal Highway Administration, Office of Research and Development, 
Washington, D. C. ,  152 pp. 

A summary of field and laboratory investigations of 
six shale embankments (in Tennessee, West Virginia, 
Kentucky, and Ohio) ; unweathered shales were used 
for jar soaking and slake-durability tests, point 
load tests, compaction tests, and soaked compression 
tests; pressure meter tests were also run; point 
load tests appeared promising for field classifica­
tions; soaked compression tests of minus 3/4-inch 
compacted shale correlated with slake durability and 
can be used to estimate long-term settlement. 

Strohm, W. E. , Jr. , G. H. Bragg, and T. W. Ziegler, 1978 (in press), 
"Design and Construction of Compacted Shale Embankments, Vol. 5: Tech­
nical Guidelines," Report No. FHWA-RD-78-141, U. S. Army Waterways Exper­
iment Station for U. S. Department of Transportation, Federal Highway 
Administration, Office of Research and Development, Washington, D. C. 

A discussion of considerations for shale embankment 
design; major topics covered include field explora­
tion and sampling of shales, index tests, and dur­
ability classification criteria, shale formation 
excavation characteristics, shale embankment design, 
shale embankment construction, evaluation of exist­
ing shale embankments, and remedial treatment of 
shale embankments. 
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mat ter content , and s truc tural charac ter i s t ic s  o f  
the s o i l  mas s  or s o i l  aggregates . 

2 3 2  



APPENDIX  A 

TEST PROCEDURES 

233 



APPENDIX A 

TABLE OF CONTENTS 

PAGE 

A.1.0 JAR SLAKE TEST 235 

A.2.0 CYCLIC WET-DRY TEST 237 

A.3.0 RATE OF SLAKING TEST 240 

A.4.0 COMPUTATIONAL PROCEDURE FOR DEGRADATION INDEX (DI) 242 

A.5.0 PREPARATION OF CRUSHED ROCK SAMPLES FOR MATERIAL
IDENTIFICATION TESTS 243 

A.6.0 METHYLENE BLUE ABSORPTION TEST (MBA) (NETTLETON , 1974) 244 

A. 7.0 POINT LOAD TEST 246 

234 



1 .  Scope 

APPENDIX  A 

TEST PROCEDURES 

A . 1 . 0  JAR SLAKE TEST 

Th is test  is int ended t o  provide a qua l it at ive and quant it at ive 
indicat ion of the s l ake res is tance of rock s amples  of var ious s ize s 
s oaked in two s l aking flu ids . 

2 .  Apparatus 

( a )  Jars or t rays to contain the s l ak ing fluids 

( b) A ba lance of adequate capac ity to we igh t s amples  t o  an accuracy
of 0 . 0 1  percent of the sample we igh t

( c )  An oven capable of ma int aining a t emperature of 1 10 ° C +3 ° C for 
a minimum of 24 hours 

(d) Po int load t es t  apparatus

( e )  S t andard s ieves ranging in s ize from 2 inches  (50 .8  mm) t o  
No . 200 ( 0 .075 mm) 

(f) Came ra

3 .  Procedure 

( a )  Prepare a quant ity of sample material  in the fo l l owing manner :

( 1 )  From a ten pound s ampl e of 1-1 /2 t o  2- inch (38 t o  5 1  mm) 
diameter part ic les , conduct three po int load t es t s  on 
randomly se lected s amples  pr ior to immers ion .  If bedding 
or other s tructure is observed for the ent ire sample ,  
three po int load tes t s  sha l l  be  performed both paral l e l  
and perpend icular t o  the obs erved s t ruc ture . The init ial  
water  content of the coars e sample  sha l l  be  obt ained from 
the po int load t es t  samples . 

( 2 ) Us ing a 1 , 500 gram ( 3 . 3  pounds ) s ample  of 3/4 to  1 /4 inch
( 1 9 t o  6 mm) s ize p art ic l e s ,  p l ace  1 , 000 grams ( 2 . 2  
pounds ) in a s lake cont ainer , The rema ining 500 gram (1 . 1  
pound) sample  is used for a mo isture c ontent determinat ion . 
The tes t  sample sha l l  be composed of approximately  2/3 and 
1 /3 port ions of 3/4 to 3/8 inch ( 19 t o  10 mm) and 3/8 to  
1 /4 inch ( 1 0  to 6 mm) s ize part icles  respect ive ly .  
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( b) Immerse the samples wit h  the slake fluid such that the fluid
level i s  appr oxima t ely 1 /2 inc h  ( 1 3 mm) abo ve t he s ample .
Slaking fluids will consist of  dis tilled water and et hylene
glycol.

( c) Observe the c ondition o f  the sample at several time intervals
and not e the condition o f  the sample. The time intervals s hall
be approximat ely 1/4 ,  1/2 ,  l ,  2 ,  4 ,  8 ,  and 24 hours following
immers ion and then daily for a total o f  five days a fter immer­
sion. Condition o f  the sample will be c lassified as follows : 

Category 

1 

2 

3 

4 

5 

6 

Behavior 

Degrades to  a pile of flakes or mud 
Breaks rapidly and/or forms many chips 
Breaks slowly and/or forms few chips 
Breaks rapidly and/or develops several 

frac tures 
Breaks slowly and/or develops few 

fract ures 
No change 

( d) Point load tes t s  shall be per formed on randomly selected 1-1/2
to  2-inch ( 38 to  5 1  mm) diamet er samples at time intervals o f
0 ,  2 ,  and 24 hours following immers ion and at five days follow­
ing immers ion . Three samples at eac h  time interval s hall be
tes ted t o  obtain a quant itative relations hip between the ob­
served behavior and the strengt h-t ime behavior of individual
part icles based on the point load test  result s .  If  bedding or
ot her s tructure is observed for the entire sample, three point
load tes t s  s hall be performed both parallel and perpendicular
t o  the observed s t ructure.

( e) Following point load testing, a water content determination
s hall be made for each  individually tes ted sample,

( f) At the conclusion of soaking, bot h  the fine fraction and the
remaining coarse fr act ion shall be wet sieved to obtain the
grain s ize dist ribution o f  each sample to quant ify t he degree
of breakdown. The moisture content for portions retained on
each sieve s hall be ob tained s o  t hat the grain s ize dis t ribu­
tions can be represented on a dry weight basis. Determine the
degradat ion index u s ing t he init ial and f inal grain s iz e
dis tributions.

( g) Photographic documentat ion will include a rec ord of t he initial
sample condition plus t he s ample condition at t he conclusion o f
1- ,  3-, and 5-day soaking periods .
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A . 2 . 0  CYCLIC WET-DRY TEST 

1 .  Scope 

This tes t is intended t o  provide a qualitative and quantitative in­
dication of t he slake resis t ance of various sample s ize s by subject ­
ing t he samples t o  alt ernating cycles of we t ting and drying in two 
slaking fluids . 

2 .  Apparatus 

(a) Open bot tom or screened containers (e . g . , colander)

(b) Trays to cont ain t he slaking fluids

(c) Balance of adequate capacity to  weigh sample s t o  an accuracy of
0 . 0 1  percent of t he to t al sample weight

(d) An oven capable of maint aining a t emperature of l l0 ° C +3 °C for
a minimum of 24 hours

(e ) Point load t es t  apparatus 

(f) St andard sieve s ranging from 2 inches (50 . 8  mm) t o  No . 200
(0 . 0 75 mm)

(g) Camera

3 .  Procedure 

(a ) Prepare a quantity of sample material in t he following manner :

( 1 ) From a ten pound sample of 1-1/2 to 2 inch (38 to  5 1  mm)
diameter part icles , conduct three point load t es t s  on 
randomly select ed sample s prior to immersion . If bedding 
or ot her s truct ure is observed for t he ent ire sample , 
t hree point load . t es t s  s hall be performed bot h  parallel 
and perpendicular t o  t he observed s t ructure . The initial 
water cont ent of t he coarse sample shall be obt ained from 
t he point load t e s t  samples .  

(2 ) Using a 1 , 500 gram (3 . 3  pounds ) sample of 3/4 to 1/4 inch 
(19 t o  6 mm ) s ize p art icle s ,  place 1 , 000 grams (2 . 2
pounds ) in a screened container .  The remaining 500 gram 
( 1 . 1  pound) sample is used for a moist ure content deter­
mination . The tes t  sample s hall be compos ed of approxi­
mately 2/3 and 1/2 portions of 3/4 to 3/8 inch (19 t o  10 
mm) and 3/8 t o  1/4 inch (10 t o  6 mm) s ize p art icle s
respectively.
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(b) Immerse the sample and screened containers in the trays con­
taining the slaking fluid so that the fluid level is approxi­
mately 1/2 inch (13 mm) above the sample . The slaking fluids
will consist of distilled water and a 50  percent solution of
sodium sulfate .

(c) The samples shall remain immersed in the slaking fluid for
approximately eight hours . During this time, the sample condi­
tion will be observed at various time intervals and notes will
be made of the general sample condition . The time intervals
shall be approximately 1/4, 1/2, 1, 2, 4, and 8 hours, follow­
ing immersion . Condition of the samples will be classified as
follows :

Category 

1 

2 

3 

4 

5 

6 

Behavior 

Degrades to a pile of flakes or mud 
Breaks rapidly and/or forms many chips 
Breaks slowly and/or forms few chips 
Breaks rapidly and/or develops several 

fractures 
Breaks slowly and/or develops few 

fractures 
No change 

(d) Remove the remaining samples from the soaking trays and oven
dry  fo r a minimum of 16 hou rs at l l 0 ° C + 3 ° C .  Observe and
record the condition of the oven dried samples . Three point
load tests shall be performed on randomly selected 1-1/2 to 2
inch (38 to 51 mm) diameter samples following the initial soak­
ing cycle . If bedding or other structure is observed for the
entire sample, three point load tests shall be performed both
parallel and perpendicular to the observed structure .

(e) Following point load testing, a water content determination
shall be made for each individually tested sample .

(f) Following oven drying and any additional testing, resubmerge
all samples materials and follow step (c) above .

(g) Repeat the cyclic wetting and drying and observations, as in
(c), for a total of five cycles . Conduct point load tests on
the coarse fraction as outlined in (d) above following the
third and fifth wetting cycles .

(h) Following the last drying cycle, the remaining sample material
shall be drained for 15 minutes and then placed in an oven for
a moisture content determination .
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(i) Following oven drying, a grain size analysis will be performed
on both the remaining coarse fraction and the total fine frac­
tion to determine the degree of sample deterioration during
soaking. Determine the degradation index (DI ) using the ini­
tial and final grain size distributions.

(j) Photographic documentation will include a record of the initial
sample condition plus the sample conditions at the conclusion
of cycles 1, 3, and 5. 
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A . 3 . 0  RATE OF SLAKING TEST 

1 .  Scope 

Th is test is intended to provide a quantitat ive measure and qual ita­
tive indication of the slake res istance of rock sampl es of var ious 
s izes soaked in water. 

2. Apparatus

(a) Open bottom or screened containers (e.g., colanders )

(b) F i lter paper or f ilter cloth

(c) Trays to contain water

(d) A balance of adequate capacity to we ight samples to an accuracy
of 0.0 1  percent of the sample we ight

(e) Two ovens: one capable of ma intaining a temperature of 65 ° +3 ° C
for a minimum of 24 hours, and a second capable of ma intaining
a temperature of 1 1 0 ° .t.3 ° C for a min imum of 24 hours

(f ) Sieves ranging in size from 2 inch (50.8 mm ) to No. 200 (0.075 
mm ) 

(g) Camera

3. Procedure

(a) Prepare a quantity of sample  mater ial in the fol low ing manner:

(1) Using a 3 pound (1, 360 Kg) sample of 1-1/2 to 2 inch (38
to 5 1  mm ) diameter part icles, p lace approximately  2 pounds
(900 g ) in a screened conta iner l ined with fi lter cloth.
The rema inder of the sample  is used for a mo isture content
determination. Weigh individua l ly  the container, fi lter
cloth and sample .

(2) Us ing a 1, 500 gram (3.3 pounds ) sample of 3/4 to 1 /4 inch
( 1 9  to 6 mm ) s ize part i c les, p l ace 1 , 0 00 g rams (2.2
pounds ) of the sample  in a screened container l ined with
f i lter cloth. The remainder of the sample  is used for a
mo isture content determination. The·  test sample  sha l l be
composed of approximatel y  2/3 and 1/3 portions of 3/4 to
3/8 inch ( 1 9  to 1 0  mm) and 3/8 to 1 /4 inch ( 1 0  to 6 mm)
particles, respect ive ly. Weigh ind ividua l l y  the con­
ta iner, f i lter c loth and sample.
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(b) Submerge each sample in distilled water for two hours. At the
end of soaking, remove the containers from the water and drain
for 1 S minutes. Weigh each container and dry to a constant
weight (approximately 4 to 6 hours) at a temperature of 65 ° C .

(c) Determine the dry sample container weight to obtain the water
content of the sample.

(d) Obtain a representative sample from both the coarse and fine
fractions to obtain a water contents at 110 ° C .

(e) Repeat steps (b) and (c) for an additional four cycles.

(f) Following the completion of step (e), sieve both the coarse and
fine fractions to quantify the degree of sample breakdown dur­
ing testing. Determine the degradation index (DI) using the
initial and final grain size distributions.

(g) Photographic documentation will include a record of the initial
sample condition plus the sample condition at the conclusion of
cycles 1, 3, and S .

4 . Calculations

(a) Determine the change of water content at ll0 °C and 65 ° C as
follows :

where 

* 
6W(l l 0) = *wi(llO) - Wi-1(110)

�W(65) = Wi(65) - Wi-1(65) 

6W(l 10) 

6W(65) 

Wi( )

= Change of water content determined at 
ll0 ° C, 

= Change of water content determined at 6S 0 c, 

= Water content for Cycle i determined at 
temperature ( ) , 

= Water content for Cycle (i-1 ;  previous 
e ye le) determined at temperature ( ) . 
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1. Purpose

A.4 . O  COMPUTATIONAL PROCEDURE FOR 
DEGRADATION INDEX (DI) 

To quantify the deterioration of samples subjected to jar slake,
cyclic wet/dry, and cyclic rate of s lake durability tests. The
procedure, as suggested by Bailey ( 19 76), uses mean equivalent mesh
sizes from sieving operations before and after s lake testing as
we igh ing factors to produce a degradation index which is a measure
of the amount of sample  breakdown.

2 .  Apparatus 

( 1) A balance of adequate capacity to weight samples to an accuracy
of 0. 01  percent of the sample weight.

( 2) Standard sieves ranging in size from two inches ( 50. 8 mm to No.
2 00 ( 0. 0 7 5 mm) .

3. P rocedure

( a) Group series covering expected sample grad at ional range f rom
largest to sma l lest.

( b) Determine the mean equiva lent mesh size for each group. The
mean va lue is equal to the weighing factor for each sieve size
group.

( c) Conduct sieve analysis prior to testing. Multiply  the percent
retained for each group by the appropriate weighing factor.
Sum the factored percents for each group to obtain the sum
before ( E B).

( d) Perform slake test.

( e) Repeat Step 3 using the sample  remaining fol lowing slake test­
ing. Mu ltiply  the percent retained on each sieve by the cor­
responding weighing factor  and sum the factored percents
retained to obtain the sum after ( EA) .

( f) Compute the degradation index ( DI).

4. Ca lculation

Degradation Index ( DI) 
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A. 5.0 PREPARATION OF CRUSHE D  ROCK SAMPLES
FOR MATERIAL IDENTIFICATION TESTS 

l .  Crush rock samples at the natur al moisture content using a rock
pulverizer. The time of crushing will depend on the characteristics 
of the sample but will typically be less than five minutes. 

2. Sieve the pulverized sample through a No. 60 sieve (0.250 mm) . Sam­
ple that is retained shal 1 be reprocessed until the gr ain size is
less than 0.250 mm. Sample materials can then be split for further
processing for physical-chemical and mineralogical testing.

3. Mix 200 gr ams of sample material for physical-chemical testing
(Atterberg limits and sieve-hydrometer analysis) with 250 ml of
distilled water and blenderize for 10 minutes. Place the solution
in a plastic container, seal, and agitate for a 24-hour period.
Blenderize the solution for an additional J O  minutes and then place
the entire solution in an open evaporating dish and dry in an oven
at 65°C until the slurry has the consistency of a thick paste. The
thickened p aste can then be pl aced in sealed cont a iners until
required for testing.

4 . Sample material for mineralogical and pH testing shall be air dr ied
and then pulverized until the particle size is less than a No. 200
sieve (0.074 mm) . The crushed sample shall then be placed in a
sealed container until required for testing.
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1. Scope

A . 6 . O  METHYLENE BLUE ABSORPTION TEST (MBA) 
(NETTLETON , 1 9 74)  

This test is intended to provide an indirect measure of the equiva­
l ent surface a rea a nd the cation exchange capacity of c rushed
natural and weathered rock samples.

2. Apparatus

(a) A rock crushing device capable  of pulverizing rock samples to
sizes passing a No. 200 sieve (0.074 mm)

(b) A balance of adequate capacity to weigh to an accuracy of 0.01
percent of the sample  weight

(c) An oven capable of maintaining a temperature of 110 ° C +3°C for
a minimum of 24 hours

(d) Sealed bottles with a capacity of 100 m l

(e) Beaker of 100 m l  capacity

( f ) Whatman No. 1 filter paper 

(g) Thin diameter g lass rod

(h) 50 cc titration burette

3. P rocedure

(a) A crushed, dried 10-gram sample is placed in a sealed bottle
with 30  m l  of distil led water to provide a 33% suspension.

(b) The suspension is agitated in a high-frequency f l ask agitator
for 15 minutes.

(c) The suspension is al lowed to settle for 24 hours at room tem­
perature prior to absorption testing.

(d) The settled suspension is then acidified with 1 cc of 5N sul ­
furic acid to sharpen the titration end point.

(e) The acidified suspension is then diluted to a 10% solution by
adding distil led water.

(f) The suspension is titrated using a 0.005N solution of methylene
blue trihydrate dye (prepared by dissolving 1.8 70 grams of dye
po wd er  [ C 1 6 H l 8 N 3 SC  1 • 3 H 2 0 ] in  1 l i  t er of d i s t i 11 e d w at er  ,
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(g) Spot tests are conducted by placing a small drop of titrated
slurry from the end of a glass rod onto the filter paper and
observing the results. Spot tests are conducted for every 1 cc
of titration and following a 20-second mixing period.

(h) The end point is indicated when excess dye appears as a sky
blue color radiating from the normally darkly colored center
point. The end point is then confirmed by observing an identi­
cal coloration from a second tests , t wo minutes a fter the
initial test.

4. Calculation

(a) The methylene blue absorption index M. B. A. in meq/100 gms of
dry soil is computed by:

where: 

100 M. B. A. = W x T x N

W = dry weight of the soil sample (gms) 
T = volume of titrant (cc) 
N = normality of dye (meq/cc) . 

Additional Reference: ASTM , Part 17, 1977 
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A. 7 . O  POINT LOAD TEST 

I • Scope 

Th is test is intended to establish the po int load stren gth of 
irregularly shaped rock fragments and/or us ing rock core. The 
procedure outlined below is for the specific device p ictured in 
Figure 8. 3. Other procedures may be requ ired for other devices. 

2. Apparatus

Field

(a) Point load tester
(b) Moisture proof sample containers

Laboratory

(a) Point load tester

(b) A balance of adequate capac ity capable of we i ght ing to an
accuracy of 0. 01 percent of the sample we ight

(c) An oven capable of ma intaining a temperature of l l 0 °C +3 ° C for
a minimum of 24 hours

3. Procedure

(a) Select a representat ive sample for test ing. By def inition, the
sample diameter (D) is the dimens ion across which failure oc­
curs. The sample length (L) is then the d imension perpendicu­
lar to the d iameter. If an irregularly shaped sample is used,
the diameter should equal 2 inches +l /2 inch (51mm +13mm) and
have a diameter to length ratio (D/L) ranging from 1-:-0 to 1. 4.
For regularly shaped or cored samples, the following cr iter ia
are used: ax ial tests (i. e. ,  load applied parallel to the long
d irection), D/L equals 1 .1  + 0. 05 ; d iametral tests, L >o . 7D,
with the test conducted at midlength of sample.

(b) The f i rst step for using the point load tester is to fully ex­
tend the hydraulic screw p iston (upper platen).

(c) Adjust the lower platen us ing the handwheel screw. Use the
vernier scale to obtain the zero read ing and (V0 ) and record.

(d) Loosen the lower platen unt il the test specimen can be inserted
between the platens. Tighten the lower platen until the speci­
men is held firmly in contact (but subjected to no load) be­
tween the platens. Use the vernier scale to obtain the init ial
vernier read ing (Vi). The sample d iameter equals the init ial
reading minus the zero reading.
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(e } Reset the peak load indicator against the gage indicator hand. 

(f } Screw in the upper platen using the hydraulic screw piston 
until the sample fails. Record the failure load using the peak 
load indicator reading. 

(g } If the test is conducted in the field, place the failed speci­
men in a labeled moisture-proof container. 

(h) Determine the water content of the sample in the laboratory.

4. Calculations

( a ) In it i a 1 d i ame t er ( Di ) = i n i t i a 1 v e r n i e r r e ad i n g ( V i ) - z e r o 
vernier reading (V0 ) 

(b) Force at failure (P) = pressure reading (psig) x 5 in2 (piston
area) 

(c) Point load index (18 ) = P/D2 

List of References 

Franklin ( 1970 ) ; Broch and Franklin ( 1972) .
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