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Abstract. Waste fills resulting from coal mining should consist of large, free-draining sedimentary
rocks fragments. The successful performance of these fills is related to the strength and durability of the
individual rock fragments. When fills are made of shale fragments, some fragments will be durable and
some will degrade into soil particles resulting from slaking and inter-particle point loads. The degraded
material fills the voids between the intact fragments, and results in settlement. A laboratory program with
point load and slake durability tests as well as thin section examination of sixty-eight shale samples from
the Appalachian region of the United States revealed that pore micro-geometry has a major influence on
degradation. Under saturated and unsaturated conditions, the shales absorb water, and the air in their pores
is compressed, breaking the shales. This breakage was more pronounced in shales with smooth pore
boundaries and having a diameter equal to or smaller than 0.060 mm. If the pore walls were rough, the
air-pressure breaking mechanism was not effective. However, pore roughness (measured by the fractal
dimension) had a detrimental effect on point load resistance. This study indicated that the optimum shales
to resist both slaking as well as point loads are those that have pores with a fractal dimension equal to
1.425 and a diameter equal to or smaller than 0.06 mm.
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1. Introduction

Waste fills resulting from coal mining should consist of large, free-draining sedimentary rocks

fragments. In the Appalachian region of the United States, waste fills are constructed using the

durable rock fill method. This method involves the dumping of rock fragments into valleys at their

angle of repose (Welsh et al. 1987). The dumping could be in a single high lift or several smaller

lifts. The lifts can range from between 20 meters to over 125 meters in thickness. These lifts are

then graded to develop the final fill configuration. The material forming the rock fill is generally

made of angular blast rock. The successful performance of these fills is directly related to the

strength and durability of the individual rock fragments. When the fill is comprised of shales, it will

be case that some of these shales are durable and do not break, whereas others will degrade into

soil-size particles as a result of: (1) the compressive loads that act at the points of contact between

fragments; and (2) the slaking that takes place when the shale fragments absorb water. The

degradation of the shales into soil-size particles causes settlement of the waste fills during and after
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their construction (Sowers et al. 1965, Strohm 1978, Santi 1995, Oldecop and Alonso 2001, 2003).

This kind of fill settlement can be explained with the use of Fig. 1. After completion, the waste fills

are composed of durable and non-durable shale fragments (Fig. 1(a)). As slaking and crushing of

the non-durable shale fragments commences, the slaked material moves from its original location

and fills the voids located between the durable rock fragments. The movement of the slaked

material into these voids is accomplished by gravity-induced point loads acting at the contacts

between the fragments. These loads also cause the durable shale fragments to move into the space

originally occupied by the non-durable shale fragments. The fragment replacement and void filling

processes are the main causes of the settlement of waste fills (Fig. 1(b)).

The pore system forming part of rock fills are of two kinds. One is the inter-aggregate pore

system, and the other is the intra-aggregate pore system (Fig. 2) (Koliji et al. 2006). Water can

completely fill the inter-aggregate pore system (Fig. 2(a)); however it does not fill completely the

intra-aggregate fill system because air pockets under pressure could be part of the microspores of

Fig. 1 Settlement of an embankment due to the slaking of non-durable shale particles

Fig. 2 (a) The inter-aggregate pore system in a granular assembly is saturated, the intra-aggregate pore system
is unsaturated and (b) the inter-aggregate and the intra-aggregate pore systems are both unsaturated
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the rock fragments. The air pockets form when water is sucked into the intra-aggregate pore system

by capillary forces. Thus, if a rock fill is made of a rock and pore system as depicted in Fig. 2(a),

the fill can be considered to be saturated if one considers only the inter-aggregate pore system, or

unsaturated if one considers both the inter- and the intra-aggregate pore systems. However, when

water partially fills both the inter- and intra-aggregate void systems (Fig. 2(b)), the fill is an

unsaturated one. 

In the present study, an assessment is made of the influence of the micro-geometry of the pore

system in shales on their slaking when in contact with water as well as on their resistance to point

loads. To conduct this assessment, sixty eight shale samples from surface coal mines from the

Appalachia region of the United States were subjected to petrographic analyses that involved both

thin section examination and X-ray diffraction analyses, as well as jar slake and point load tests. 

2. Slake durability testing program

2.1 Shale samples

In order to understand the influence of pore wall geometry on the slaking of shales, and their

resistance to point loads, sixty-eight shale samples were collected from near blasted high walls at

surface mines in Kentucky, Tennessee, Virginia, and West Virginia. The samples were subjected in

the laboratory to a combination of slake durability tests and thin section analysis. Image analysis of

the photographs of the thin sections provided information about the pore geometry in the shale

samples. 

2.2 Durability and thin section analysis

In order to measure the durability of the shales when in contact with water, the jar slake test was

used. In the jar slake test, air dried shale samples are immersed in water for a period of 24 hours.

After this period, changes in the shale samples are evaluated using a ranking system (the jar slake

index, Ij) which is based on the appearance of the samples after soaking. The ranking system was

developed by Lutton (1977) and is shown in Table 1. In the system, the appearance of the sample is

ranked from a value of 1 to a maximum value of 6 for the jar slake index, Ij. 

The Lutton (1977) ranking system was applied to sixty-eight shale samples forming part of this

study. Irregular-shaped dry samples weighing 100 grams were used for the jar slake test. Of the

 Table 1 The slake ranking system by Lutton (1977)

 The jar slake  ranking, Ij  Behavior

 1 Degrades to a pile of flakes or mud

 2 Breaks rapidly and/or forms many chips

 3 Breaks slowly and/or forms few chips

 4 Breaks rapidly and/or develops several fractures

 5 Breaks slowly and/or develops few fractures

 6 No change
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sixty-eight shale samples tested, fourteen degraded into mud (Ij = 1), and fifty- four experienced

little or no change (Ij = 5 or 6). Fig. 3 shows a sample from Tennessee (TN-5) with Ij = 1, and Fig.

4 shows a sample from Tennessee (TN-9) with an Ij = 6.

In addition to the jar slake test, the sixty-eight samples were subjected to X-ray diffraction

analysis. The X-ray analysis indicated that the most prevalent clay mineral present in the shales was

kaolinite (Table 2). The X-ray analysis also indicated that no expansive clay minerals were present

in the samples. As a complement to the X-ray diffraction analysis, a thin section analysis of the

shales was performed. This latter analysis involved the use of thin sections (30 mm in thickness)

that were first examined optically with a polarizing microscope and then photographed. 

2.3 Slaking mechanism

There are different mechanisms discussed in the geotechnical literature which explain the slaking

Fig. 3 (a) The TN-5 shale sample before soak test and (b) the TN-5 shale sample after soak test

Fig. 4 (a) The TN-9 shale sample before soak test and (b) the TN-9 shale sample after soak test
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of shales when immersed in water (Surendra et al. 1991, Yoshida and Hosokawa 2004). One slaking

phenomenon is attributed to the compression of entrapped air in the pores of the shales when water

enters them as a result of capillary suction (Moriwaki 1974). This entrapped air in the pores exerts

tension on the solid skeleton, causing the material to fail in tension. According to Moriwakii (1974),

pore-air compression is the predominant slaking mechanism in shales composed primarily of

kaolinite. Since the sixty-eight shale samples tested in the jar slake test have kaolinite as the

primary clay mineral in their structure (Table 2), pore-air compression is the primary mechanism

causing their failure.

2.4 Pore air compression 

The mechanism for pore-air compression that breaks the shales can be explained using Fig. 5. Fig.

5 shows a shale sample with a system of cylindrical intra-aggregate micropores that are assumed to

be unconnected and run continuously through the sample (Fig. 5(a)). These micropores are assumed

to resemble small cylindrical tubes inside the shale. 

When the sample is in contact with water (Fig. 2), water will be pulled into the individual

micropores as a result of capillary forces, and the air that originally filled the micropores will be

subjected to compression (Fig. 5(b)). The system of forces acting at the interface between the air

and the water in a micropore is presented in Fig. 5(c). At equilibrium conditions the following

relationship applies

πdTs – p(πd
2)/4 + u(πd2)/4 = 0  (1)

where d is the diameter of the cylindrical micropore, Ts is the surface tension of water acting on the

meniscus, p is the air pressure, and u is the pore water pressure. The water pressure, u, is the

resultant pressure from the water pressure at the two entrances of the cylinder and the water

pressure at the meniscus (Fig. 5(b)) (Washburn 1921, Schmitt et al. 1994, Hilpert 2009).

From Eq. (1), the following relationship can be obtained

p = u + (4Ts)/d  (2)

An analysis of Eq. (2) indicates that the pore air pressure, p, in the portion of the micropore filled

with air (Fig. 5(b)) increases as the diameter, d, of the cylindrical micropore decreases. Thus, the

smaller the diameter of the micropore, the larger is the pore air pressure, p. Since pore-air

compression is favored by small pore radii, slaking of the shales by air compression will be more

pronounced in those shales containing micropores with small diameters. In addition, small diameter

Table 2 X-ray diffraction analysis

Origin of shales and number  Kaolinite (%)  Quartz (%)  Mica (%)  Feldespar (%)  Other* (%)

Kentucky (30)  18  26  9  17  30

Tennessee (12)  6  42  26  5  21

Virginia (11)  8  30  37  6  19

West Virginia  (15)  23  26  3  25  23

*Includes: Chlorite, Ankerite, Calcite, Siderites, and Opaques
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micropores more readily confine the air pressure developed during the suction process. That is, the

diffusion of the air pressure will decrease with a decrease in surface area (which is a function of the

diameter of the micropore) of the pore that is in contact with the air. Thus, the diameter of the

micropores in shales has a marked influence on their slaking with water.

2.5 Pore diameter of the micropores

The pore diameters of the sixty-eight shale samples were obtained from thin sections of the

shales. The thin sections were 30 μm in thickeness and had the shape of a square with a length

equal to 25 mm. The preparation of the thin sections (cutting and grinding) followed the procedure

outlined by Humphries (1992). Photographs of the thin sections were made using a polarizing

microscope. From the photographs, the cross sectional areas and the perimeters of the pores in the

shales were obtained. Using a standard digitizing software (AUTOCAD 2007), each individual was

outlined by visual estimation of its boundary and modeled as a polygon in the program. The area

and perimeter of each individual polygon representing the pore system in each thin section analyzed

were determined by the software and recorded for use in the fractal analysis. Figs. 6 and 7 show the

typical results of the process outlined above for the case of shales TN-5 and TN-9.

The average diameter of the pores in the TN-5 sample was equal to 0.053 mm. The diameter of

each pore was equal to the diameter of an equivalent circle with area equal to that of the rough

pore. The digitizing software used this approach for calculating the average diameter of the pores.

Even though the pores in the shales are not circles, the equivalent circle approach has been used

before by Means and Parcher (1963), Terzaghi and Peck (1968), and Bear (1972) to represent the

pore structure in soils and rocks as seen in the thin sections. Also, this circular representation allows

the use of Eq. (2). The average diameter of the rough pores in the TN-9 sample was equal to 0.107

mm. 

The jar slake index, Ij, for TN-5 was equal to 1. The jar slake index, Ij, for TN-9 was equal to 6.

The fourteen samples that degraded into soils had average pore diameters that were equal to or

smaller than 0.06 mm. Fifty-four samples did not slake. Most of these samples had average pore

diameters that were greater than 0.06 mm. However, eight of the fifty-four samples that did not

Fig. 5 (a) Shale sample with micropores, (b) micropore with water and air pressures and (c) air and water
forces at the air-water interface in a micropore



Mechanics of the slaking of shales 225

slake had average pore diameters that were smaller than 0.06 mm. An explanation for why these

eight samples failed to follow the smaller than 0.06 mm pore diameter rule follows next. This

explanation uses fractal theory.

2.6 Measurement of pore wall roughness 

The roughness of the pore boundaries was evaluated using fractal theory. Fractal theory makes use

of a number called the fractal dimension, D, to evaluate the degree of irregularity of objects in

nature (Mandelbrot 1977). In this study, the fractal dimension was used to measure the average

degree of roughness of the pore boundaries of the sixty-eight shale samples. These pore boundaries

are assumed to represent those obtained when the thin slice cut the pores in a direction normal to

their long axis (Fig. 5). The fractal dimension of the pore boundaries was calculated using the area-

perimeter method (Korvin 1992, Hyslip and Vallejo 1997). The fractal dimension, D, is obtained

from the slope, m, of the best fit line that connects the values of the area and perimeter for each of

the pores in a shale sample (Figs. 6 and 7). Fig. 8 shows this plot for the samples TN-5 and TN-9.

Once the slope, m, is obtained, the dimension is calculated from the ratio between 2 and m (that is,

D = 2/m). The fractal dimension, D, measures the average roughness of all the pore boundaries in

Fig. 6 (a) Micro-photograph of TN-5 shale sample and (b) pore geometry obtained from micro-photograph

Fig. 7 (a) Micro-photograph of TN-9 shale sample and (b) pore geometry obtained from micro-photograph
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the shale samples. The higher the value of D, the rougher are the pore boundaries in the shales. The

fractal dimension, D, for all the pore boundaries of sample TN-5 (Fig. 6) was equal to 1.1989 (Fig.

8); D for sample TN-9 was equal to 1.4587 (Fig. 8). If one wants to obtain the fractal dimension of

one pore, the area-perimeter method cannot be used. To do this calculation, one can use the ruler

method (Hyslip and Vallejo 1997).

2.7 Pore diameter and degree of slaking

As previously mentioned, from the jar slake tests on the sixty-eight shale samples, fourteen slaked

(Ij = 1). These slaked samples had average pore diameters equal to or smaller than 0.06 mm. Of the

fifty-four samples that did not slake (Ij = 5 or 6), eight samples had diameters smaller than 0.06

mm. Thus, the size of the pore alone does not seem to explain completely why the shales slake as a

result of pore air-compression as stated by Eq. (2).

2.8 The influence of pore wall roughness on the slaking of shales

Even though the size of the pores in shales is a good indicator for their slaking susceptibility, it

was not a parameter that indicated without a doubt their slaking behavior. Table 3 shows the results

of the jar slake tests and the fractal analysis on the eight samples that did not slake even though

their average pore diameter was smaller than 0.06 mm. The fractal analysis for these shales

indicated that their pore walls were very rough (Table 3 and Fig. 9). The high degree of roughness

of the pore walls is reflected in their high values of the fractal dimension. An explanation for the

lack of slaking for the shales of Table 3 that have small but rough pores seems to rest on the degree

of roughness of these pores. 

According to Ransohoff and Radke (1988), when a capillary tube with either a square or irregular

cross section as shown in Fig. 10(a) is immersed in water, the water does not advance in the

Fig. 8 Area-perimeter method to obtain the fractal dimension, D, of the pores in samples TN-5 and TN-9
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capillary tube following the whole cross sectional area, but advances in the tube following its

corners and crannies. This partial filling of the tube cross sectional area will prevent the

development of air pressure that is necessary to cause the slaking of the shales. Fig. 10(b) shows

how water will advance in a rough pore such as that shown in Figs. 7 and 9. The water at the

extreme portions of the micropore will cover its whole cross sectional area. However, after moving

a short distance from the ends of the micropore, the water will follow the corners and crannies of

the pore walls (Fig. 9). This movement of the water through the corners and crannies of the pore

walls will prevent the development of the air pressure that is required to cause the breakage of the

shale (Fig. 5(b)). Thus, the roughness of the boundaries of the pores (measured by the fractal

dimension) has a significant influence on the slaking of the shales and needs to be considered in

any evaluation of the durability of shales in water, as well as on their point load strength.

Table 3 Properties of the eight shale samples with small pore diameters (d < 0.06 mm) that did not slake

Sample
 Diameter
 (mm)

Jar slake
 index, 

 Ij

Fractal
dimension

 D

Water
content, wa 

 (%)

Point load 
index Ipa
(MPa)

Water 
content ws

 (%)

Point load 
index, Ips
(MPa)

TN-7  0.056  6  1.7767  0.7  4.11  2.0  0.3

KY-32  0.055  5  1.6020  0.65  4.4  2.9  0.31

WV-8  0.052  5  1.5473  0.60  5.3  2.7  0.5

KY-19  0.052  6  1.4907  0.7  5.9  2.3  0.42

KY-22  0.051  6  1.4900  0.7  6.0  3.0  1.39

TN-17  0.056  6  1.4707  0.7  6.14  1.3  1.4 

WV -14  0.051  5  1.4406  0.6  6.20  1.4  1.8

TN-16  0.050  6  1.4246  0.6  6.7  1.5  3.6

wa = water content of the air dried samples; ws = water content of the immersed in water samples; Ipa = point
load strength of air dried samples; Ips = point load strength of immersed in water samples

Fig. 9 (a) Micro-photograph of TN-17 shale sample and (b) rough pore geometry obtained from micro-
photograph
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3. Point load testing program

Gravity loads are resisted by rock fragments forming part of a rock fill through force chains that

the fragments develop when they interact at their points of contact (Cundall and Strack 1979). The

effect of these force chains on the fill’s fragments can be evaluated by the point load test. 

Point load testing involves the loading of a rock lump of an average diameter, dp, between two

cone-shaped platens. The load, P, necessary for breaking the rock is measured. This load value,

divided by the square of the diameter, dp, provides the point load strength, Ip. The reported Ip,

values are the mean values after testing twenty lumps with the respective pore diameter and degree

of roughness. According to Oakland and Lovell (1972), twenty lumps is the minimum number

needed to obtain a statistically representative value of Ip for the rock fragments.

3.1 The effect of pore diameter on resistance to point loads

In order to determine if the pore diameter had an influence on the crushing by point loads of shale

fragments, point load strength values were correlated with the values of the average diameter of the

pores in the shales. The samples tested came from a site in Kentucky. Since the water content has a

large influence on the point load strength of rocks (Broch and Franklin 1972), samples with very

similar water contents were chosen for the correlations. Also, according to the same authors, the

drier the rock samples tested in the point load apparatus are, the more reliable are the point load

strength values. This is because the saturation of the samples could induce plastic yielding of the

rock fabric beneath the point loads, affecting the results of the test. For this reason, the correlations

Fig. 10 (a) Capillary water flow in a micropore with rough pore walls and (b) the lack of air pressures in a
micropore with rough pore walls
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between point load strength (Ip) in the samples and their respective average pore diameter were

done for the water contents that the samples acquired after air drying them for a period of 5 days.

The air temperature during the drying period was equal to 20 degrees centigrade. The properties and

the pore diameter for the samples tested are shown in Table 4. 

An analysis of Table 4 indicates that the size of the pores influences the point load strength of the

rock samples. Samples with smaller pore diameters had a higher value of point load strength.

3.2 The effect of pore wall roughness on resistance to point loads

The non-slaking shales whose properties are indicated in Table 3 were also subjected to point load

tests. This was done to evaluate the effect of pore wall roughness on the point load strength. Table 3

shows the results of the point load tests on unsaturated samples having two different water contents,

similar pore diameters and different fractal dimension values. The samples with the smaller water

contents represented samples that were subjected to air drying for a period of 5 days. The air

temperature during air drying was equal to 20 degrees centigrade. The higher water content samples

were obtained by immersing them in water for a period of five days. 

Table 4 Samples used to correlate point load strength and pore diameter

 Sample
 Pore diameter

 (mm)
 Water content, wa

 (%)
Point load index, Ipa

 (MPa)
Jar slake 
 index, Ij

KY-B-6  0.0543 0.31 6.20 6

KY-A-23 0.0554 0.32 5.80 6

KY-16 0.081 0.30 3.28 6

KY-A-18 0.18 0.36 2.80 6

wa = water content of the air dried samples; Ipa = point load strength of air dried samples 

Fig. 11 Relationship between load point index, Ip, and the pores’ fractal dimension, D, for the shale samples
of Table 3
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Fig. 11 shows a plot of the point load index, Ip, versus the fractal dimension value, D, of the pore

walls forming part of the non-slaking shales of Table 3. Fig. 11 and Table 3 shows that the

roughness of the pores has a detrimental effect on the point load strength. Fig. 11 shows that for the

cases of the air dried and immersed samples, the point load strength decreased with an increase in

fractal dimension values. The shale sample TN-16 was the non-slaking shale (average pore diameter

d = 0.05 mm) that had the highest point load strength (Ipa = 6.7 MPa, and Ips = 3.6 MPa) for the

two water contents used in the point load tests. Rock fragments with these levels of point load

resistance have been found by Indraratna (1994) to function successfully in rock fills. This study

has established that the optimum shales to resist both slaking as well as point loads are those that

have pores with a fractal dimension equal to 1.425 and a diameter equal to or smaller than 0.06

mm. An example of this optimum shale is TN-16 (Fig. 11 and Table 3).

4. Conclusions

The durability and strength of shales forming part of unsaturated and saturated rock fills were

analyzed using a combination of slake durability and point load tests, thin section photographs and

fractal theory. From these analyses, the following conclusions can be made:

(1) The slaking of the shales studied was the result of pore air compression.

(2) The slaking by pore air compression was directly related to the average pore diameter and the

roughness of the pore boundaries. The smaller the diameter and the smoother the boundaries of

the pores, the more pronounced was the slaking of the shales by air compression.

(3) The roughness of the pore boundaries in the shales was determined using the fractal dimension

concept from fractal theory. The larger the fractal dimension, the rougher were the boundaries

of the pores.

(4) Regardless of the diameter of the pores, shales with very rough pores did not slake as a result

of pore air compression. These rough pores moved the capillary water through their corners and

crannies. Thus, the water did not move through the whole cross sectional area of the rough

pores. This type of water movement prevented the development of pore air compression that is

needed for the breaking of the shales.

(5) Pore diameter in the shales influenced their resistance to point loads. It was determined that the

smaller the pore diameter was in the shales, the larger was their resistance to point loads.

(6) Pore wall roughness also influenced their resistance to point loads. It was determined that the

rougher the pore walls was in the shales, the smaller was their resistance to point loads.

(7) From the shales studied, it was determined that the optimum shale to resist successfully both

slaking as well as point loads is the one that has pores with a fractal dimension equal to 1.425

and an average diameter equal to or smaller than 0.06 mm.
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