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ABSTRACT

This paper investigated materials adhesivity as one of the equipment productivities factors in an open-pit coal
mining operation. The parameters of adhesivity investigated in this study were obtained from physical and
mechanical properties of soil. The parameters were cohesion (C), density (y), grain size (% clay and % sand),
moisture contents (w), plasticity index (Pl), and liquid limit (LL). The data was measured from extensive
laboratory testing on disposal materials, composed of clav-sized grains with the moisture content of 8.06 -
47.98%. The materials were also classified as a very plastic material (Plasticity Index > 17%). The relationship
of several parameters as materials adhesivity level (a) was formulated using multivariate regression analysis, used
as a prediction of adhesivity levels on disposal materials, Therefore, actual adhesivity was also analvzed using
physical models modified from the direct shear test as a verification. The resulr was quite similar with a standard
deviation of 0,007, suggesting that the estimation value would be applicable in open pit coal mining operation.
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INTRODUCTION

Minmng. especially in open pit sysiems, includes
excavation and overburden (i.¢., soil and weak rock
material) removal activities which the digging
cquipment affects the productivity and the energy
consumed. Soil and rock materials potentially stick on
the digging bucket reducing the productivity level
since the eguipment may be difficult to operate.
Adhesiveness 1s not only related 1o the tensile force
between the soil material and the digging material
bucket forming matenal, bur also the tensile force
between the matenial itself (cohesion) causing the
sticky material to become thicker.

Kooistra (1998) suggested a theory that adhesion
affects contact between the soil and other matenal.
Adhesion s explained through Mohr Coulomb’s
sheath behavior with an approach that is almost the
sume us the approach used on soil shear strength.
According to Hendrick and Bailey (1982}, the soil
adhesive properties (the normal force parameters and
the adhesive shear angle) greatly affect the ability of
the soil to stip on a surface of another material plane.
Decreasing the level of adhesivity to below the value
of cohesion und shear angle in the soil may affect the
reduced level of soil adhesiveness,

The adbesiveness of the material is closely reluted to
the physical and  mechanical properties of the
excavaled matenial encountered, especiully parameters
such as materal composition, moisture content,
plasticity index, iquid fmit, plastuc i, and matenal
adhesivity, Therefore, this study determined key
parameters affecting adhesiveness which s the ideal
material dispozal conditions, so that adhesiveness can
be minimized.

METHODOLOGY

The parameters of adhesivity in this study was
obtained from physical and mechanical properties of
soil, The parsmeters were cohesion (C). density (y),
grain size (% clay and % sand), moisture contents (w),
plasticity index (PI). and liquid limit (LL).

Through a simikar spproach to the concept of the Mobr
Coulomb, the methodology for testing adhesive in the
laboratory was conducted with a direct shear testing.
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Figure 1. [usration of Adhesivity Tosting Through Direct
Shenr Test

The laboratory testing methodology was adjusted w0
the direct shear test. but an adjustment was mude to the
fmiction plane of the shear 10ol, which oniginially in the
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form of xoil material replaced by a steel plate.
Accordingly, the results of the initial parameters in the
foem of cohesion was replaced by the value of
adhesion, numely friction between the ground and the
suface of the steel plate. Nustration of sdhesivity
lesting is shown in Figure |

Through this test, the parameter adbesion value was
obtained which the friction force between the soil
sumple and the surface of the steel plate replaced the
cohesion vialue in the direct shear test As an
interpretation of the difference in outcome parameters
In direct shear testing, the test method was described
as shown in Figure 2.
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Figure 2. Cobesion and Adbesion Parameters in Darect Shear
Testing

RESULTS AND DISCUSSION

Based on the natural weight and dry density data group
of laboratory tests on material disposal at the stody site,
showed that the weight of the original content (natural
density) of material disposal at the study site ranged
from 16,19 to 23.20 kN/m' with an average value of
1925 kN/m’. The value of the original weight in the
dsta (mode) was 20 kKN/m". The original weighted data
group had a standard deviation of 1.47 kN/m". The
natural moisture content was 8,06% to 47 98% with an
average value of 21.97%, Material disposal had an
average porosity of 40.55% with a range between
2279 - §7.34%.

The great percentage of pores in a soil aggregate stated
that the soil is looser because of the amount of space
between the soil grains. This caused the aggregate
volume of the sotl to have kess weight in each volume
unit, which is defined by the weight value of the
comtents. These soil charactenstics were proved in
Figure 3. stating the influence of porosity on the value
of the weight content at disposal research site. The
graph shows that the porosity percentage on the soil
has o negative influence on the value of the ongmnal
sotl density. the higher porosity in the soil aggregate
actually indicates a decrease i the value of the weight
of the contents. The relanonship between these two
parameters is  illustrsted through a  pon-linear

-

regression appeoach on 55 physical properties testing
data with a high coefficient of determination, 0.90

Figure 3. Graph of Porosity Effect on the Disposs! Natural
Drensity

In addition to analyzing the influence of porosity with
the weight value of confents, also analyzed the effect
of porosity on the original moisture content contained
in the soil. Figure 4 shows a graphic interpretation of
the relationship between porosity and onginal water
content in disposal is presented. The gruph shows that
there is a correlative relationship between porosity and
original water content coniained in the material
disposal at the study site. The relationship shown in the
graph is a positive relationship graph, in the form of
linear regression. This confirms that the greater the
value of the water content in the soil. This correlative
relationship is caused by the porosity representing the
percentage of pores or space between the grains in a
soil aggregate, so thut the greater the space between
grains also defines the greater space provided by soil
aggregates in storing water and air. The corvelative
relationship produces a relatively strong coefficient of
determination that 1s eguoal to 0.903.
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v, ¥Figore 4. Graph of Porosity Effect on Onginal Disposal

Wiater Content

Disposal matenal at this research is dominated by
mutenal with a very plasucity level with a percentage
of 66.23% (Figure 5). Material with a very plasticity
level is represenied by material with a plasticity mdex
vilue greater than 17%. In the medium plasticity group,
which have plasticity index value is a1 7-17%, shows a
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smaller amount of data compared 1o very plastic
material, which is at a percentage of 34%. Material
with low plasticity level was not found in the test
results at the study site, so it can be concluded that the
majority material st of research sites has # high
plasticity level or very plastic.

Figure 5. Percentage of Disposal Plasticny Level af
Research Site

The percentage values of the disposal grain size
distribution are shown in Table 1 shows that overall
material disposal at the research site is dominated by
clny grain material, while the grains of sand are valued
at the lowest.

Table 1. Disposal Graun Size Distribution for Each Deptly

Average Grain Size
Distribution
Depth Range

No
Clay Silt Sand
{m) (%) %) (%)
| 0,00 < 1000 63 4636 13,74
2 10,00 - 20,00 3836 46012 1442
3 20000 - 30,00 4123 40,03 1872
4 3000 « 3000 A0,03 37,08 1289
] H0.00 - 5000 0,50 Ais7 1561
6 > 40 51,98 30,08 8.08

In Figure 6, there cun be scen that the correlative
relationship between the percentage of grain size and
the plasticity index is illustrated through linear
regression. The relationship curve for the size of the
sand grains explains that the greater the percentage of
sand content in the soil, the plasticity index formed in
the sotl actually decreases, in contrast to the curve in
the size of clay grains, which defines 8 comelative
relationship positive, where an merease in the
percentage of the amoun of clay content will cause an
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merease in the soil plasticity index. The coe
determination shown on the graph gives the

of the clay gran size distribution is 0.700 to
plasticity index, while that of the sand grains is
0.500.
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Figure 6 Perventage of Disposal Plasticity Level o
Rescarch Location

Furthermore, laboratory testing is carmied out in
detail on two types of samples with differot
constituent materinls. Sample 1 (S1) is 3 sample wi

a dominant constituent material in the form of clay and
sample 2 (S2) is a material with 3 dominant constituent
maierial in the form of sand. The composition of the
constituent grains of both types of sumples can be seeq |
through the following test resulis. :

" 3
Table 2. Disposal Grain Size Distribution fo¢ Each Degth
1
Grain Size Distribution |
Sample Code
Clay St Sand Gravel
% " % %
S| 728 47227 550 0 !
S2 2186 3104

gm0 %

The resulis shown n the table above show that the
sample group S1 is dominated by clay compilers, with
a percentage of 4728%, while the aggregae
percenidge with grains of sand Is only 5.50%. Unlike
the case with the aggregate grains compiling the 2
sample group, the percentage of sand is more dominant
with a percentage of 47%, while the clay is only
21.86%

Based on the cohesion parameters and the intemal [
friction angle shown in Table 3, it can be conchsded
that the cohesion value in the S1 sample growp is
refatively greater than the sample disposal groups S2, {
Cohesion values in the S1 sample group were in the
range of 019 - 0.46 kg -~ en® 1n the sample group 2
with aggregate-doninated matenal the size of the sand
grain residual cohesion values obtained in the range of
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values 0,15 - 0.36 kg / cnv’,

Table 3. Recapitulation of Direct Shear Test Test
Results

Intermal
Water
Sample Cohesion  Friction
Sample Content
Code Anghe
k) Kg'em’
S1_A 21 87 037 S0l
S 2828 043 2188
cnad I_B 8
._cil., SI.C 2780 0,37 2158
Dommnanty  §| D M7 0,19 16,70
SLE 19.08 .46 L
S2_A 2000 0.36 3507
S8 2265 033 JLm
Duposal g3 ¢ a7 0,23 1,01
{Sad)
S2. D 29.31 (.28 IR
S2_E 3580 i3 RIEA

Adhesivity testing has been carmied out to obtain the
disposal adhesivity parameters. In this study, testing
caly takes into account the adhesion parameters
peoduced baeween the disposal materiat and steel as the
material representing the surface of the excavator's
bucket.

Table 4. Recapitulution of Adhesivity Direct Shear
Test

Kadar N

Kode Adhesi  Geser
o Sample . Dalam

e kgfem? ¥

SI_A 21,57 0,12 21 85

Dispozal Si_B 25,28 029 21,85
(Clay S1.C 2760 031 21,85
Doovinanty  SI_D 3471 .23 26,601
S1LE 19,08 0.07 2183

S1A 20,00 0.03 6,61

Desporsal S2_B 22,68 014 21,85
(Sandd S2.C 2477 0,13 21,85
Dominast)  S2_D 2041 0.2 16.70
S2_E 35,80 0,04 2185

The recapitulation of the test results shown in Table 4
shows that in the sample group S1 the adhesion value
was in the range of values 0.07 - 0.33 kg / em® with a
moisture content between 19.08 - 34.71%, In the S2
sample group the range of adhesion values was

between (0,03 - 0,14% for variations ih water content
between 20,00 « 35 80%.,
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Fligure 7, Effect of Moisture Graph on Adhesion of Sampie
Disposal (a) Sumpée S1 and (b) Sample S2

The effect of the water content value contained in the
disposal on the sdhesion value in each sample group is
depicted as llustrated in Figure 7. It is explaining that
the adhesion value in each sample group has s peak
phase and & decrease phase. The peak phase of general
adhesion values in all test groups is in the range of 22-
3% mossture content. In the range of values, the
adhesion value increased until the maximum value
then dropped again. In the sample groups S| and S2,
the maximum value of disposal adhesion is close 10 the
average plasticity index value of the soil, both as a
whole and the sample group itself. This can be a
validation of previous studies that stated same things,
Based on the resulis obtained, it was concluded that »
correlative relatonship between water content and
disposal adhesion value at the study site in Figure 8,
On the same graph, the maximum adhesion value in
each sample group is at a refatively different water
content. Sample S1 group showed a peak adhesion
valoe of 0.33 kg / cm’ at a water content value of
29.21%, while in the sample group S2 a peak adhesion
value of 0.14 kg / cm’ was at a water content value of
28.73%. The value of water content at the time of peak
adhésion conditions in the sample group S2 explains
that the matenal with the sand constituent muterial has
a peak phase with less water content compared to clay,
Soil matenial dominated by sand compilers also shows
much smaller adhesion value compared to clay.
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Figure 8 Graph Effect of Water Content on Disposal
Adhesion al Research Sites

As a comprehensive analysis of the relutionship on
each related parumeter, & multiple regression analysis
15 then performed to assess the relationship of water
content, plastic limit, lquid lmit, plasticity index,
cohesion, percentage of clay grains, percentage of
grains of sand, and weight of contents to adhesion so
that it can be determined an Regression equation from
the values of the test parameters that have been
obtained. The analysis was conducted with a
confidence level of 95% and a real level of $%. The
results of the analysis are summarized in Table §

Table 8§ Resulis of Beta Coefficients of Statstical

Regression Analysks

Parameter Coefficients  Standard Ervor
Interceps 73,0671 17,0008
Water Content 00169 0,0073
Phastic Limit 0 0
Liguid Limir 002 00063
Plasticity Index (,0084 Q0101
Cohzsion LIRCE T 0,1387
S Clay -1,4908 03420
%Sand A 02000
Natural Densaty 0,7092 03826
Multiple R 0493
R Square (.54

In Table 5 it is stated that the adhesion parameter is
influenced by several test parameters as mentioned
ahove and has a fairly strong influence relationship.
This is indicated by the coefficient of determination
(R°} of 0.84. Similar 10 the value of compound R
imultiple R} which states the relationship between the
dependent varisble (adhesion) with all independent
variables (test parameters such as water content,
weight weights, consistency limits, cohesion, und
grain size distribution) as a compound, that is egual o
092, Because of that case, it can be concluded that the
test parameters which become the input parumeters in
the analysis have o significant influcnce on the
adhesion value so that the relationship can be stated in
4 statement function whose coefficients are determined
in Table £ In this table, each test parumeter has o

CINEST 19-£.21 FullPagort__

coefficient value with varying standard error values.
Then the regression equation can be written as follows:
a=7467 = 0,0169w +0,0112(LL) + 00084 (17)+

0,0091C — 1.4908(%CM) = 0,9167 (%Sd) +

OB i {Equation 1)
which:

a = Adhesion (kglem')

w = Water Content (%)

LL = Liquid Limit (%)

P = Plasticity Index (%)

C = Kohesion ({kglem®)

%C1 = Percent Grain of Clay (%)

% Sd = Percent Grain of Sand (%)

Y = Natural Density (g/em’)

The regression is then validated in the analysis, this is
done in order 10 determine the difference between the
original adhesion value and the predicted adhesion
value. This difference value is referred 0 as the
residual value i . Based on the residual values shown
m the 15 data, it was concluded that the deviation
between the onginal adhesion value and the predicted
value was relatvely small, amounting to 0.0074,

Table 6. Validation of Predicsed Adbesion Value

Sample Code  Adhesion  Predicted Adhesion  Residuak

SI_A 0,12 0,1733 0,083
S1B 0,29 0.2620 00270
§1_C 033 02652 0.0647
SI_D 0.23 0.2571 002
SIE 0.07 00812 00012
§2A 003 0.m23 0000
s2.8 0,14 01,0969 (0430
Q2 C 0,13 01134 0,016
s2 b 012 ni61s 00418
S1E 0,00 0.1057 00157
- Mean 0.0074
CONCLUSION

Based on (he results discussed in this study, several

conclusions are summarized as follows:

I, Disposul at the research site has an natural water
content of 21.97%, porostty value of 4.55%,
Characteristics of the dominant constituent gring
i the form of clay with a very plastsc materia)
category and o peak adheston value of 013 - 033
kg/om' at morstire content of 28,73 - 29.21%. 1
shows that the actoal material disposal 2t the
research  locauon s at the maximium
udhesiveness phase,

2. The greater the sund miterial as the size of the
constitent disposul reduces the plasticsty index
on the materral that cam affect the stickiness level

3. The masimum phase of stickiness (adbesion

4
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vitlue) is close 1o the plasticity index value.

4 Relationship between water content parameters
(W), natural density (v). gram size distribution of
clay (% CI), sand (% Sd), cohesion (C), liquid
fimit (LL), and Plasticity Index (IP) with
adhesion values { a) can be stated in the equation ;
2=T7467 - 0,0169w + 0,0112(LL) +

0,0084 (/P) + 0,0091C —~ 1,4908(%C1) -
09167 (%Sd) +0,7092y
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