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Correlation between shale index properties derived from different sample
preparation procedures

Corrélation entre les indices de propriétés de schiste dérivés par différents procédures de préparation 
des échantillons

H.T.Eid —  Associate Prolessor of Civil Engineering, University ofZagazig (Banha branch), Cairo, Egypt

ABSTRACT : Shale samples covering a wide range of plasticity and gradation were tested to yield quantitative data required to estab
lish reliable correlations between index properties derived from standard and modified sample preparation procedures. The study re
vealed that the degree o f shale particle disaggregation has an important influence on the measured liquid limit and clay-size fraction. 
This influence is maximized for shales with intermediate plasticity and can be interpreted in terms of particle size and shape. It is rec
ommended to use the correlations presented in this paper to adjust shale index properties derived from standard sample preparation 
procedures usually utilized by commercial laboratories. Such correlations help in creating a universally followed procedure for better 
estimation of shale engineering properties and reliable interpretation of case histories involving shale formations.

RÉSUMÉ: Des échantillons de schiste couvrant la vaste gamme de la plasticité et de la gradation furent examinés pour établir des cor
rélations crédible entre les indices de propriétés dérivés de la procédure d ’une préparation d ’un échantillon standard et celle d ’un 
échantillon modifié. Cette étude a révélé que le degré de la dégranulation des particules de schiste possède une influence importante 
sur la limite liquide mésurée et la fraction de la grandeur d’argile. Cette influence est au maximum en particulier pour les schistes 
d’une plasticité intermédiaire et peut être interprétée par le terme de la grandeur et la forme de particule. Il est récommendé d ’utiliser 
les corrélations présentées en cet article pour ajuster les propriétés dérivés des procédures de préparation standard, habituellement 
utilisée par les laboratoires commerciaux. Telles corrélations aid à créer un exemple à suivre d’une procédure pour mieux estimer les 
propriétés techniques des schistes et une interprétation crédible de l’histoire des cas qui implique la formation des schistes.

1 INTRODUCTION

The term “shale” is used to identify the fine-grained group of 
sedimentary rocks, whose composition is mainly clay and silt 
particles. Shales possess diagenetic bonding that results in ag
gregation o f individual particles. The degree of shale aggregation 
(induration) that survives a particular sample preparation proce
dure influences the measured index properties, such as liquid 
limit and clay-size fraction (La Gatta 1970, Townsend & Banks 
1974). Index properties are widely used for identification and 
classification o f soils, mudstones, and shales. Furthermore, an 
estimation of mechanical properties such as shear strength and 
swelling capacity on the basis o f index properties is common 
when sampling difficulties or cost prevent the direct determina
tion. For shales, such classification and estimation can be mis
leading if  sample particles are partially disaggregated as in the 
case o f the ASTM standard sample preparation procedures 
(Mesri & Cepeda-Diaz 1986, Eid 1996). As a result, a quantita
tive data on the effect o f particle disaggregation degree on the 
measured index properties o f shale is needed to adjust the index 
properties derived from the standard sample preparation proce
dures usually utilized by commercial laboratories. Based on 
testing twenty two shales using standard and modified sample 
preparation procedures, this study presents correlations that 
quantify the serious underestimation of shale liquid limit and 
clay-size fraction derived from the standard sample preparation 
procedures.

2 SAMPLE PREPARATION PROCEDURES

The air-dried shale samples for gradation and Atterberg limits 
tests were prepared using two different procedures. In the first 
procedure, shale was crushed with a mortar and pestle and proc
essed through the U.S. standard sieve No. 10 for gradation tests 
and sieve No. 40 for Atterberg limits tests. This is in consistence 
with ASTM D 422 (1999) and ASTM D 4318 (1999), respec

tively. In the second (modified) procedure, disaggregation of 
shale particles was maximized through ball-milling (pulverizing) 
until the entire sample passes the U.S. standard sieve No. 200. 
This procedure was adapted from that used by Mesri & Cepeda- 
Diaz (1986).

In both procedures, the crushed samples were allowed to re
hydrate for one week. For gradation tests, a dispersing agent 
(Sodium hexametaphosphate) was added at the beginning of the 
rehydration time. In the ASTM procedure, using dispersing 
agent and long rehydration time was not efficient in disaggre
gating some shale bits. A fter canying out the hydrometer test, 
these soft bits usually retain on the U.S. standard sieve No. 200 
(Fig. 1). However, most o f the bits can be battered and then 
washed through sieve No. 200. This leads to significant underes
timation o f the clay-size fraction (particles smaller than 0.002 
mm). Smaller bits o f some shales also survive the ASTM sample 
preparation procedure for Atterberg limits tests.

10 mm

Figure 1. Bits o f shale after carrying out hydrometer lest using ASTM 
sample preparation procedure.
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3 ANALYSIS OF TEST RESULTS

Table 1 presents liquid limit (LL), plastic limit (PL), and clay- 
size traction (CF) values derived from both sample preparation 
procedures. It can be noticed that particle disaggregation caused

Table 1. Shale index property values derived from the different sample 
preparation procedures

Shale name 
and/or location

ASTM procedure 

LL PL CF 
(%> (%) (%)

Modified procedure 

LL PL CF
(%) (%) (%)

Shear surface 
(111 of May C.,Egypt)

25 17 15 30 17 29

Maadi shale 
(Cairo, Egypt)

27 19 17 30 20 23

Duck Creek shale 
(Fulton, IL, USA)

29 24 17 37 25 19

Crab Orchard shale 
(Peoria, IL, USA)

36 22 19 44 23 32

Slide plane 
(Randolph, IL, USA)

38 21 24 69 24 46

Red sea white shale 
(Elsokhna, Egypt)

43 20 38 55 22 50

Illinois valley shale 
(Peru, IL, USA)

45 24 35 56 24 45

Slide plane
(Los Ang, CA, USA)

49 22 17 55 24 27

Toshka shale 
(Toshka, Egypt)

52 30 47 91 30 58

Patapsco shale 

(Washin. D.C., USA)
53 24 35 77 25 59

Pien-e shale 
(Limon, CO, USA)

55 26 42 73 27 49

Red sea gray shale 
(Elsokhna, Egypt)

57 25 25 84 27 44

Mokattam yello. 9hale 
(Cairo, Egypt)

68 33 24 103 33 43

Upper Pepper shale 
(Waco, TX, USA)

68 24 58 89 29 72

Santiago shale 
(S. Diego. CA, USA)

70 40 29 89 44 57

Slide plane
(S. Diego, CA, USA)

82 37 73 119 42 82

Mokattam gray shale 
(Cairo, Egypt)

85 34 53 134 37 79

Piene shale
(N. Castle, WY,USA)

103 29 53 137 32 67

Shear surface 
(Elhamam, Egypt)

130 57 56 186 69 77

Otay shale
(S. Diego, CA, USA)

141 53 56 239 60 77

Oahe shale 
(Oahe, SD, USA)

204 41 76 233 46 82

Lea Park shale 
(Saskatch., Canada)

263 56 73 274 59 76

by ball-milling resulted in higher measured liquid limit and clay- 
size fraction values than those derived from the ASTM standard 
sample preparation procedures. However, the preparation proce
dures have little effect on the measured plastic limit values. This 
general influence of various particle disaggregation techniques 
on measured index properties o f shales has been observed by a 
number of researchers, including La Gatta (1970), Townsend & 
Banks (1974), A iro’Farulla & Rosa (1977), and Rippa & 
Picarelli (1977).

Using test results presented in Table 1, a correlation between 
liquid limit values derived from the ASTM and the modified 
procedures is shown in Figure 2. A correlation between clay-size 
fraction values (in terms o f the activity) derived from the ASTM 
procedure and those derived from the modified procedure is 
shown in Figure 3. The activity (A) is defined as the plasticity 
index divided by the clay-size fraction. It can be seen that the ef
fect o f sample preparation procedure on the measured liquid 
limit and clay-size fraction appears to be maximized for shales 
with intermediate plasticity. This can be interpreted in terms of 
particle size and shape.

For shales with low plasticity, rotund or bulky particles 
and/or stiff clay plates are easy to be disaggregated even using 
the ASTM sample preparation procedure. In addition, these 
types of particles with their low activity are relatively insensitive 
to water hydration. As a result, the sample preparation procedure 
has less effect on the measured index properties o f shales with 
low plasticity. For high plasticity shales, the flexible and platy 
particles o f clay are active which leads to full hydration even 
with partial particle disaggregation. This also reduces the differ
ence between index properties derived from the two sample 
preparation procedures adopted in this study. Intermediate plas
ticity shales have clay particles o f medium size and platyness. 
The more disaggregation for this intermediate activity particles, 
the higher the chance for full water hydration. Consequently, the 
measured liquid limit and clay-size fraction of intermediate 
plasticity shales are sensitive to the sample preparation proce
dure.

As shown above, the ASTM  standard procedures may signifi
cantly underestimate the liquid limit and clay-size fraction val
ues for shales. To overcome this problem, these values should be 
adjusted using the correlations shown in Figures 2 and 3, respec
tively.

ASTM Derived LL ( % )

Figure 3. Correlation between shale liquid limit values derived from the 
standard and modified sample preparation procedures.
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Activ ity  =
CF

0.25 0.5 0.75 1.0 1.25 1.5 1.75 10 2.25 2.5 2.75 3.0 

ASTM Derived Activity

Figure 3. Correlation between shale clay-size fraction values derived 
from the standard and modified sample preparation procedures.

4 ESTIMATION OF FRICTION ANGLES FOR SHALES

Many engineering properties such as shear strength, swelling ca
pacity and permeability are correlated to Atterberg limits and/or 
clay-size fraction of cohesive soils, mudstones and shales. Figure
4 shows two of these relationships that were first presented by

Stark & Eid (1994, 1997) to estimate the secant residual friction 
angle (4>r) and the secant fully softened friction angle (<j)6), re
spectively. The secant friction angle corresponds to a linear fail
ure envelope passing through the origin and the strength at a 
particular effective normal stress.

Index properties for shales and mudstones that were utilized 
in these relationships were determined using the ball-milling 
technique described above. In addition, the liquid limit (as an in
dicator of clay mineralogy), clay-size fraction (as an indicator of 
particle size), and effective normal stress (to express the stress 
dependency o f shear strength) were utilized in estimating the 
friction angles. As a result, these two relationships have less 
scattering in laboratory data points and provide better agreement 
with field case histories than other relationships that usually 
utilize one index property disregarding the sample preparation 
effect on the measured value o f this property for shales and mud
stones (Stark & Eid 1994, 1997).

Underestimation o f shale and mudstone liquid limit and clay- 
size fraction derived from the standard sample preparation pro
cedures occasionally results in overestimation of residual and 
fully softened friction angles estimated using the empirical rela
tionships shown in Figure 4. The commercial laboratories usu
ally utilize the standard procedures (e.g., ASTM D 422 and D 
4318) to determine values of index properties. As a result, these 
values should be adjusted using the correlations presented in 
Figures 2 and 3 before estimating the residual or fully softened 
friction angles from the relationships shown in Figure 4.
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Figure 4. Residual and fully softened friction angles as a function o f  liquid limit, clay-size fraction, and effective normal stress on the slip plane.
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Table 2. Effect of index properties adjustment on the estimated residual 
friction angles for field case histories involving shales and mudstones

Case history location ReDorted ind. Adi. ind Drop.

(References)

LL

(%)

EI°E=

CF

(%)

A

(Fie. 2 & 31 

LL CF

(%) (%)

♦"r* ♦V

River Beas Valley, India 

(Henkel &Yudhbir 1966, 

Skempton & Hutchinson 

1969)

41 32 0.5 52 39 19 23 20

San Diego, USA  
(Stark &. Eid 1996, 1998)

70 29 1.03 89 57 8 18 9

Jackfield, England 

(Henkel & Skempton 

1955, Skempton 1964)

45 42 0.60 60 53 17 23 17

Walton’s Wood, England 

(Skempton 1964, Early &. 

Skempton 1972)

57 70 0.43 82 75 14 17 13

Back-calculated from slope stability analysis 
“ Estimated using reported index properties and relationship in Figure 4 
* Estimated using adjusted index properties and relationship in Figure 4

Table 2 presents the residual friction angles that are back- 
calculated using well-documented slope failure case histories in
volving shales and mudstones. The average effective normal 
stresses on slip surface were 200, 135, 65, and 55 kPa for River 
Beas valley, San Diego, Jackfield, and W alton’s Wood cases, re
spectively (Table 2). It can be seen that these angles are in good 
agreement with the residual friction angles estimated using the 
adjusted liquid limits and clay-size fractions and the relationship 
shown in Figure 4. It can also be seen that using shale or mud
stone index properties derived from standard sample preparation 
procedures overestimates the residual friction angles. This is also 
expected in case of estimating the fully softened friction angles. 
To avoid this significant overestimation, and since the residual 
and fully softened shear strength are usually mobilized in case 
histories involving shales, mudstones, and stiff clays, it is the 
author’s opinion to combine the index properties correlations 
presented in this paper and the friction angles relationships in 
one figure as shown in Figure 4.

5 CONCLUSIONS

Use of ball-milling to maximize the degree of shale particle 
disaggregation results in higher measured index properties than 
those derived from the standard sample preparation procedures. 
The influence of particle disaggregation on the measured liquid 
limit and clay-size fraction is maximized for shales with inter
mediate plasticity. This behavior can be interpreted in terms of 
particle size and shape. The plastic limit is relatively insensitive 
to sample preparation procedure. Correlations between index 
properties derived from standard and modified sample prepara
tion procedures are presented. It is recommended to use these 
correlations to adjust shale index properties derived from stan
dard sample preparation procedures usually utilized by commer
cial laboratories. Such correlations help in creating a universally 
followed procedure for better estimation of shale engineering 
properties and reliable interpretation of case histories involving 
shale and mudstone formations.

linois at Urbana-Champaign, USA, and J.L. Easterly and B. F. 
Fahey of Illinois Department o f Transportation, USA.
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