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Relevance of Durability Testing of Shales to Field Behavior 

JAMES L. WITHIAM AND DAVIDE. ANDREWS 

Geologic materials exhibit a wide range of behavioral responses following ex
cavation and replacement in a new environment. This is a result of various 
mechanisms induced by variations in moisture and stress regimes or other en
vironmental 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 fragment size of the ma
terial. To develop an understanding of the slaking process, a comprehensive 
evaluation of existing data was undertaken that included a detailed literature 
review of geotechnical, agronomical, and geochemical test procedures used to 
identify potentially problematic slakable materials. The findings from this 
review are incorporated into a comprehensive I aboratory testing program that 
forms the basis for a proposed classification system and spoil management 
program. It is concluded that a relatively simple series of tests can be used to 
assess the probable impact of slaking of fine-grained materials on stability, 
settlement, and erosion potential. Comparisons are made between laboratory 
and field observations to support this conclusion. 

To develop an understanding of the slaking process 
as it relates to mine spoils, a comprehensive evalu
ation of existing laboratory techniques was under
taken. The principal objectives of previous labora
tory durability testing programs have centered 
around (a) assessing the applicability of acceler
ated rock weathering tests to help predict long-term 
performance, (b) quantifying the effects of time
dependent rock degradation caused by various slaking 
mechanisms, and (c) finding additional tests that 
can quickly identify problem materials. 

A summary of previous research efforts and gen
eral survey studies associated with durability test
ing programs is presented in Figure 1 [full cita
tions for the studies included are presented in the 

Figure 1. Summary of laboratory 
tests associated with slaking. 
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report by Andrews and others (1)] . Tests are clas
sified according to their nature and applicability 
as identification (physicochemical and mineralogi
cal), durability, and strength tests. Many of these 
consist of standard and modified geotechnical, ag
ronomical, and geochemical tests. Most programs 
include both identification tests, such as grain 
size and mineralogy, and behavioral tests, such as 
rate of slaking. Ideally, the simplest and most 
reliable indicators are sought for a given purpose, 
although more sophisticated tests often serve a use
ful purpose. 

Physicochemical tests have been incorporated into 
several durability-related testing programs because 
much useful data can be collected quickly, at low 
cost, by using relatively standard equipment and 
test procedures (2). As Figure 1 indicates, those 
tests that show the greatest success in correlations 
with observed durability behavior are water content 
and, to lesser degrees, grain size and Atterberg 
limits. The successful performance of these tests 
is principally related to the fact that most low-
durability geologic materials are fine-grained and 
often active clay mineralogies that absorb water 
following stress relief. Because durability is 
fundamentally related to mineralogical composition, 
applications of mineralogical tests also have formed 
the basis for several slake durability studies. Of 
those techniques identified in Figure 1, X-ray dif
fraction has been applied most successfully, al
though its high cost makes other less quantitative 
procedures, such as the methlyene blue absorption 
(MBA) test, attractive substitutes. 
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Several types of tests have been developed or 
modified to provide qualitative and/or quantitative 
assessments of the slake potential of geologic ma
terials. As illustrated in Figure 1, several of 
these have shown moderate to very good success. 
Others, because of severe test conditions, show 
little apparent value. In general, those durability 
tests that show the better correlation with field 
response also represent the more realistic models of 
slaking processes. By most accounts, slaking of 
geologic media results from physical breakdown by 
wetting and drying, chemical action by leaching, and 
other processes following stress relief. Based on 
these criteria, the first five durability tests 
identified in Figure 1 represent the most realistic 
models of field behavior. They have also shown the 
greatest success during previous investigations. 

The jar slake test is the simplest of all dur
ability tests and consists of placing a rock frag
ment or gradation of rock fragments into a beaker 
containing water or some chemical solution. After 
immersion, sample breakdown is observed for some 
period of time ranging from hours to days. Cyclic 
wet-dry durability tests subject rock fragments to 
conditions more consistent with observed field re
sponse. These tests impose several cycles of alter
nating wetting and drying by soaking samples in 
water or chemical solutions (e.g., sodium sulfate) 
and air or oven drying over a range of tempera
tures. These test conditions are consistent with 
the cyclic wet-dry, rate of absorption, and rate of 
slaking durability tests. Finally, the slake dur
ability test (]) uses the additional feature of 
mechanical agitation to accelerate slaking under 
laboratory conditions. To date, the slake durabil
ity test is the only procedure acknowledged as part 
of an accepted industry standard (]). Most of the 
other reported durability test procedures represent 
unusually severe conditions that frequently result 
in rapid and complete sample deterioration. Such 
complete sample breakdown provides neither a reason
able physical model nor a reliable model of field 
behavior. This is especially true for geologic 
media of an intermediate durability range. 

The principal purpose in relating strength to 
durability has been for various classification 
schemes, although strength tests have also been used 
to directly identify rock durability or to infer 
future settlement or stability behavior. Several 
attempts have been made to relate the strength tests 
identified in Figure 1 to durability. These efforts 
have generally failed because of a lack of sensi
tivity in distinguishing ranges of slaking response, 
bias imposed by a need to test specimens prepared to 
certain tolerances, and a need to perform large num
bers of tests to provide a statistical basis for 
test conclusions. 

FIELD PROGRAM 

'l'o examine the nature and impact of slaking at coal 
surface mine sites in the eastern and central United 
States, detailed field and laboratory programs were 
designed and implemented. The field program was 
developed to document the nature, occurrence, dis
tribution, and effects of slaking at sites in this 
region. A detailed account of the field program 
followed at four sites is provided in the paper by 
Perry and Andrews elsewhere in this Record. 

Of particular importance to the laboratory pro
gram were highwall and mine spoil exploration pro
grams, for these would yield undisturbed highwall 
and bulk spoil samples for laboratory evaluation. 
Highwall exploration was accomplished by drilling 
near the active highwall and using standard wireline 
techniques that provided NQ-sized core (1.875 in in 
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diameter). The rock core was then placed in spe
cially designed boxes that used weather stripping 
and heavy sheet plastic to minimize change in mois
ture content. In addition, bag samples of each 
major li thotype were collected from the fresh spoil 
area at every site to supplement the rock core sam
ples obtained for the laboratory program. 

To evaluate the mode, degree, and extent of slak
ing in mine spoils and the associated environmental 
effects, a thorough test-pit exploration and visual 
reconnaissance program was conducted by examining 
spoil recently placed as well as 2-, 5-, and 10-
year-old spoils. After the completion of test-pit 
logging, bulk samples weighing approximately 100 lb 
were taken from a selected subsurface layer for 
subsequent determination of bulk grain-size distri
bution. 

LABORATORY PROGRAM 

As discussed previously, several slake testing pro
cedures are available and these provided the frame
work for the laboratory program implemented for this 
study. In addition, several supportive analytic 
procedures were used for classification or identifi
cation purposes. The laboratory program was de
signed to be efficient and provide information 
needed to evaluate various parameters that affect 
the degradation of geologic materials. Incorporated 
into the design were those procedures and techniques 
that would allow anticipated key relations to be 
addressed. 

The selected laboratory tests were grouped in 
three categories: durability, identification, and 
ancillary testing. These categories were found use
ful for quantifying, classifying, and predicting the 
long-term durability characteristics of geologic 
materials. A flow diagram of the laboratory testing 
program is shown in Figure 2. Because space does 
not permit a detailed description of the test pro
cedures used, the interested reader is referred to 
the completed report (l). 

The lithotypes that represented major portions of 
the overburden or exhibited unusual field behavior 
were used for the testing program. Whenever possi
ble, geologic materials obtained f ram test bar ings 
were selected because they were collected and pre
served as closely as possible to the in situ condi
tions. Because siltstone, mudstone, and shale gen
erally make up a high percentage of overburden and 
typically exhibit more severe slaking characteris
tics, the majority of samples for this study were 
fine-grained. Limestones were only tested with the 
slake durability apparatus because limestone seldom 
exhibits large amounts of physical deterioration. 
When an insufficient quantity of rock core was 
available, given li thotypes were supplemented with 
recently spoiled material. Occasionally, due to 
fragment size or material availability, insufficient 
quantities of a given lithotype were collected for 
the completion of the full series of tests. 

The major portion of each sampled lithotype was 
used for the durability testing program. To deter
mine the effects ot 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 
1.5- to 2-in fragments; the fine component ranged in 
size from 0.25 to 0.75 in in diameter. Samples pre
pared for the physicochemical testing were generally 
crushed at the natural water content to the required 
grain size (approximately No. 60 mesh size). Sam
ples prepared for mineralogical analysis (X-ray dif
fraction) were dried and crushed to less than a No. 
200 mesh size. 

Durability tests used to measure the slaking po-
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Figure 2. Generalized flow diagram for laboratory testing. 
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tential of the various highwall lithologies were the 
slake durability, jar slake, cyclic wet-dry, and 
rate of slaking tests. These tests were selected 
because they represent a wide range of conditions 
(e.g., sample fragment size, wetting and drying 
cycles, temperature, and slaking fluids) and had 
some degree of proven success. 

Nine identification tests were used in the labo
ratory program, Moisture content, disaggregated 
grain size, Atterberg limits, and unit weight tests 
were performed in general accordance with standard 
testing procedures. Petrographic examination of 
thin sections of rock fragments was performed on 
coarse-grained sedimentary materials. The principal 
purpose for using this tool was to examine in detail 
the composition of matrix cements and rock fabric as 
they relate to the observed durability behavior. 
The remaining identification tests [1:1 pH, cation 
exchange capacity (CEC), MBA, methlyene blue index 
(MBI), and X-ray diffraction] were included to iden
tify the chemical or mineralogical composition of 
the sampled lithotypes. X-ray diffraction and CEC 
were intended to provide an understanding of the 
mineralogical composition of the samples that could 
be used as a reference for comparing the results of 
other less costly and time-consuming test procedures 
(e.g., CEC versus MBA or MBI), 

Additional tests that were expected to give in
sight into the durability characteristics of the 
sampled li thotypes included point load tests, analy
ses of the slaking fluid (pH and specific conduc
tance), and fragment moisture contents. Point load 
strength tests were used to monitor the degree of 
strength reduction during the "slaking" tests and 
were performed as part of the coarse-fragment por
tion of jar slaking and cyclic wet-dry tests. Frag
ments were periodically selected for testing to de
termine incremental strength deterioration. Fluid 
pH, specific conductance, and fragment moisture con
tents were determined at key stages in the program. 

The durability tests selected for study consisted 
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DURABILITY 
TESTS 

I I pH,CEC, 
MBA , X·RAY 

of the jar slake, cyclic wet-dry, cyclic rate of 
s.lak ing, and slake durability tests, These tests 
were selected because the influence of a wide range 
of parametric effects could be closely examined by 
using procedures that had previously proved suc
cessful. The parametric factors that could be con
sidered from this series of tests include (a) litho
type; (bl sample size; (c) slaking fluid (i.e., 
distilled water and solutions of ethylene glycol and 
sodium sulfate); (d) temperature (i.e., 65° and 110° 
C for cyclic rate of slaking test); and (e) energy 
input, Because each of these may control, to some 
degree, the slaking response of geologic materials, 
the testing program represents a comprehensive at
tempt to identify the key factors that affect this 
behavior. 

To quantify the deterioration of samples sub
jected to the jar slake, cyclic wet-dry, and cyclic 
rate of slake durability tests, a degradation index 
(DI) was used in accordance with a procedure sug

gested by Bailey (_!). The DI is defined by using 
mean equivalent mesh sizes from sieving operations 
before and after slake testing as weighing factors 
to produce an index that is a measure of the amount 
of sample breakdown. The limits for this index 
range from zero (no breakdown) to 100 percent (com
plete breakdown). The slake durability index (Ia) 
was used to define the slake durability test results 
(]), Numerical subscripts to Ia (e.g., la2) are 
presented to indicate the number of testing cycles 
used to determine the index value. For purposes of 
comparison with the other durability test results, 
however, the term (1 - la2) is used to define a DI 
for the slake durability tests. 

LABORATORY TEST RESULTS 

Durabi l ity Tests 

As shown in Figure 3, 
tests were conducted by 

128 individual durability 
using 14 lithologic units 
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Figure 3. Summary of durability test results. 
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collected from four different active surface mining 
sites. These li thologic uni ts included four sand
stones, two limestones, two siltstones, three mud
stones, and three shales. 

The size of sample fragments is important for 
almost all cases studied. In general, the coarse 
samples developed greater breakdown for all fluids 
and drying temperatures. This was most noticeable 
for thinly bedded, anisotropic sediments, such as 
silts tones and shales. Consequently, for complete 
slake potential identification, samples of suffi
cient size must be tested. The results of these 
tests suggest that a minimum fragment size of 1 in 
be used. 

For the samples tested, the application of solu
tions of sodium sulfate and ethylene glycol led to 
slight differences in breakdown compared with the 
use of distilled water. Because the distinctions 
are small, the use of chemical slake fluids probably 
can be ignored. 

With the exception of the slake durability test, 
cyclic wetting and drying provided the greatest as
surance of breakdown. Of the cyclic tests, the 
cyclic rate of slaking procedure at 110° C is the 
most severe, which indicates that short soaking 
periods that cause only partial saturation are more 
effective for the tested samples. An advantage of 
this method is the shorter soaking observation 
period, which reduces the overall time required for 
testing. The range of DI values obtained for the 
jar slake test was narrower than for the cyclic 
tests, which makes the analysis more difficult and 
subjective. Therefore, cyclic testing is preferred 
to the static jar slake test. 

The results of the cyclic rate of slaking test 
provided an opportunity to study the relation be
tween drying temperatures and slake durability be
havior. These tests indicate that a reduction in 
durability occurs with increasing drying tempera
tures. This pattern is stronger for the coarse size 
fraction, which also demonstrates the effect of par
ticle size on the durability of the tested samples. 

With the possible exception of the slake durabil
ity tests, greater degrees of breakdown were real-

ized with test procedures that involved the greatest 
energy effort. This effort was developed by several 
means, including fluid infiltration, oven drying, 
chemical attack, and mechanical agitation. Of the 
durability tests considered for study, both the 
cyclic wet-dry and cyclic rate of slaking tests at 
110° C provided the broadest range of breakdown (DI 
values ranging from O to 93 percent) and sufficient 
sensitivity to characterize relations within these 
boundaries . 

Identification Tests 

Knowledge of the physical, chemical, and mineralogi
cal composition of geologic materials can provide 
corroborative information regarding their slake dur
ability behavior. The major goal of these tests, 
therefore, was to identify procedures that can be 
confidently used as part of an overall slake dura
bility predictive model. 

Except for moisture content determinations taken 
at the end of test cycles, none of the geotechnical 
index tests provided any reliable basis for predict
ing durability behavior. Grain-size analyses and 
Atterberg limits tests of disaggregated samples 
revealed a small range of values that bore little 
relation to the observed durability behavior. These 
results were generally confirmed through X-ray dif
fraction analysis, which indicated relatively in
active clay mineralogies. A similar small range of 
initial moisture content values was measured for 
undisturbed highwall samples collected from all 
sites. The range of in situ moisture contents was 
generally unrelated to durability behavior, and no 
correlations could be made between unit weight and 
durability. 

Variations in moisture content with increasing 
cycles of durability testi ng generally follow two 
trends. For sandstones and more durable siltstones 
and shales, the moisture content increased to an 
equilibrium value within one or two cycles. All 
other fine-grained sediments exhibited an increasing 
moisture content with increasing numbers of cycles. 
Accordingly, these patterns can be correlated with 
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Figure 4. Comparison of field and laboratory behavior of gray siltstone from 
site B. 

Figure 5. Comparison of field and laboratory behavior of mudstones from 
site D. 
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durability. ln a similar fashion, moisture contents 
for samples consisting of the fine fragment size 
always exceeded the coarse-fraction moisture content 
for corresponding samples and solutions. The small
est increases were realized for sandstones and the 
largest for muds tones. The principal factor con
trolling the moisture-content behavior of coarse and 
fine fragments is the relation between surface area 
and volume. 

Of all other identification tests, only 1:1 
(soil) pH and CEC showed any relation to durability 
test results. Application of this observation is 
described subsequently. 

Ancillary Tests 

Additional testing was performed concurrently with 
the durability testing program. This included point 
load tests and analyses of pH and specific conduc
tance of the slake fluid. These various techniques 
were relatively simple to perform and were thought 
to possibly provide additional data for understand
ing the slaking phenomenon. 

Although much effort was spent to test the suit
ability of the point load test as a predictor of 
durability, only limited trends could be discerned. 
The point load strength index (Isl generally in
creased with increasing durability, but the results 
are biased toward the more durable rock fragments 
that remained at the end of various test cycles. 
For lithotypes with very low durability (e.g., mud
stone), the lack of samples of sufficient size pre
cluded the possibility of testing. Measurements of 
slake fluid pH and specific conductance provided no 
recognizable trends. 

COMPARISON OF FIELD AND LABORATORY PROGRAMS 

Some previous studies of slaking have failed to cor
relate laboratory test results with observed field 
behavior. This has often led to incomplete recogni
tion 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 implica
tions of several factors (e.g., sample size and ac
celerated weathering) in relation to field behavior 
are not completely understood. Accordingly, field 
observations of durability and modes of slaking were 
generally substantiated by, and in agreement with, 
the laboratory program. Two examples at different 
sites are summarized to show the similarity of field 
and laboratory response. 

At site B, the gray siltstone is initially mas
sive with high rock quality designation (RQD) values 
and no apparent bedding. When subjected to slaking 
stresses, however, this siltstone undergoes chip 
slaking, which was seen in both the field and the 
laboratory (see Figure 4). This behavior is 
strongly controlled by structure (thin bedding 
planes) that originates during deposition of the 
sediments. The coarse fractions subjected to labo
ratory testing showed high DI values, whereas the 
fine fractions were more durable and had DI values 
equal to approximately one-third those of the coarse 
samples. This is generally consistent with the ob
served field behavior in that the fine chips ap
peared to resist further degradation. 

At site D, 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 impact of this lithotype within the 
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spoils is negligible because it represents less than 
5 percent of the highwall materials. The RQDs for 
the red-green mudstone were extremely high. This 
suggests that RQD and similar classification systems 
do not accurately reflect slaking potential. Simi
lar results were obtained for other lithotypes 
throughout the study. 

The observed pattern for both mudstones at site 
D, however, is similar because neither appears to be 
affected by fragment size or structural control. 
Even though the green muds tone initially undergoes 
chip slaking in the field, it slakes with time to 
its const i tuent particle size. Figure 5 shows ex
amples of the pattern of slaking for these mudstones 
in the field and the laboratory. 

PROPOSED CLASSIFICATION SYSTEM 

The proposed classification system is based on a 
series ot field and laboratory decision filters. 
Each portion of the system provides the necessary 
ingredients to identify potentially problematic 
geologic materials. In addition, the final mixture 
of slakable and nonslakable uni ts in spoil piles is 
considered, based on information obtained during the 
field progr am. It should be noted, however, that 
because this system is based on limited information 
obtained from only seven sites (four of which were 
studied in detail), the proposed scheme is tentative 
and additional input is warranted. 

The proposed system is presented in Figure 6 and 
includes those techniques that were found to reli
ably predict the slaking potential and behavior of 
geologic materials. It is divided into field and 
laboratory phases and uses relatively simple inspec
tion and routine test procedures that are often a 
part of surface mine permitting programs. The clas
sification system is divided into four categories: 
preliminary field reconnaissance, exploration pro
gram, preliminary laboratory program, and durability 
testing program. 

The preliminary field reconnaissance takes ad-

Figura 6. Proposed classification system. 
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vantage of the useful information that can be 
gathered by examining bedrock outcrops in the vicin
ity of the proposed site. Of particular importance 
are the type and quantity of fine-grained sediments 
because these factors bear a direct relation to the 
nature of problems that may be encountered following 
spoiling operations. 

Drilling programs represent the second tier of 
the proposed classification · system. At this level, 
the behavior of fresh rock samples can be compared 
with the behavior in bedrock exposures. In addi
tion, simple testing with dilute HCl can be used to 
ascertain the need for proceeding with a laboratory 
testing program. The specific decisions in this 
phase of the program are illustrated in Figure 6 . 

The laboratory testing program is designed as a 
two-phase filtering system. The principal purpose 
is to separate durable and nondurable geologic mate
r ials based on two tests by using crushed, powdered 
rock samples ( 1: 1 pH and CEC). A relation exists 
between CEC and 1: 1 pH that can be extended to in
clude rock durability based on a five-cycle DI. 
Figure 7 demonstrates that the DI increases with 
increas i ng 1:1 pH and CEC, which is related to the 
influence of carbonates and various clay mineral 
phases. To incorporate this behavior into the pro
posed classification scheme, a DI value of 50 per
cent (representing the delineation between moderate 
and high degradation levels) 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 (l:l 
pH) and 15 meq/100 g (CEC) be used, as indicated in 
Figure 7, as criteria to assess the need for dur
ability testing. If, for a particular sample, the 
preliminary test results fall below these boundaries 
(crosshatched zone in Figure 7), no further testing 
is necessary nor are special design measures beyond 
normal practical requirements expected. If either 
of these bounds is exceeded, then further testing is 
required. 

The final stage in the classification system uses 
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Figure 7. Proposed laboratory classification filter. 
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durability testing. This may be readily and simply 
accomplished by subjecting the remaining samples to 
either of the cyclic durability test procedures 
described previously. Based on results from the 
laboratory program, it is recommended that these 
tests be conducted by using coarse fragments 1.5 in 
or larger and water as the slaking medium. Inten
sity and mode of breakdown then can be identified 
and compared with the results of the field recon
naissance, and appropriate design considerations can 
be implemented to minimize potential environmental 
impacts of spoiling these materials. 

The assessment of spoil management control mea
sures for the above categories was developed from 
the field program. At each site, the reclamation 
procedures that are practiced follow relatively rou
tine patterns that seem to provide sufficient 
amounts of breakdown and densification to minimize 
slaking effects. These result in relatively minor 
problems (mostly surficial) despite the fact that 
some lithotypes developed DI values that were higher 
than expected (e.g., gray siltstone at site B) or 
were present in sampled spoils in relatively high 
amounts (e.g., 60-70 percent muds tone at site D). 
This suggests that the effort expended during exca
vation, handling, and placement and the intermixing 
of durable and nondurable sediments can control, to 
a large degree, the ultimate behavior of geologic 
materials. Therefore, present spoiling and reclama-
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tion practices may overcome the majority of problems 
that could be associated with low-durability ma
terials. 

SUMMARY 

Based on evidence provided from a detailed field and 
laboratory testing program, laboratory durability 
testing appears to provide a rational basis for pre
dicting field behavior. Several types of durability 
tests and various procedures were evaluated along 
with a variety of supplemental tests to provide in
dex, mineralogical, and chemical data. Of these, 
cyclic wet-dry durability testing using coarse site 
fragments soaked in water along with other simple 
chemical tests (i.e., soil pH and CEC) appears to 
offer a reasonable basis for a predictive model. 
Finally, a classification system is outlined that 
uses observed field spoil response as a basis for 
development. Although the proposed model is pre
liminary due to its limited data base, the classifi
cation system nonetheless represents a reasonable 
first-step approach to the assessment of mine spoil 
durability. 
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