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Abstract: One of the prerequisites for the safe exploitation of surface mines is the stability of the 

working and final slopes of the mine. In order to ensure this, it is necessary to carry out detailed field 

and laboratory geomechanical tests of the soil and, based on the obtained results, make calculations 

related to stability analyses. The results obtained in this way are used for dimensioning; the slope of 

exploitation slopes (excavation). Landslides occur when the ultimate shear strengrth is reached, and 

therefore, the adequate definition of shear strength parameters is one of the essential prerequisites 

for successfully solving, the stability problem. Unlike earlier tests in Serbia, when the residual 

shear strength parameters were determined based on the usual conventional methods (direct shear 

apparatus, triaxial apparatus), this time, in addition to the direct shear apparatus, a ring, shear 

apparatus was also chosen for testing. The paper shows the method of determining the residual shear 

strength parameters of high plasticity gray clays and siltstones of roof sediments from open pit mine 

Drmno, using direct and ring, shear apparatus. The results show that the residual angle of internal 

friction for gray clays obtained with the ring, shear apparatus is 9.9-10.8", and for the siltstone, it 

is 11.8-12.9?, both of which are lower than the values obtained with the direct shear apparatus. In 

addition, correlations between the residual parameters of soil shear resistance and some physical 

indicators (plasticity index, clay content) are provided, showing high correlation coefficients. The 

proposed correlations should be used only when time and financial constraints prevent the execution 

of actual tests to determine residual shear streng;th, as concrete experimental procedures provide a 

much more reliable assessment of the residual strengith properties of the soil. 

Keywords: residual strength of soil; ring, shear apparatus; direct shear apparatus; slope stability; 

open pit mines 

1. Introduction 

In the analysis of slopes that have experienced large shear displacements, the rele- 

vant factor is the residual shear streng-th of the soil. This is most commonly determined 

based on laboratory tests using, a direct shear apparatus by performing a reverse test, or 

using, an apparatus that allows unlimited horizontal deformation (ring, shear apparatus). 

In geotechnical practice in Serbia, as well as globally, the use of the ring shear appara- 

tus is not common, given that it falls under research equipment rather than standard 

laboratory equipment. 

The direct shear test is the oldest and simplest type of laboratory testing, for shear 

strength. This conceptually simple test has been used to assess soil since 1776 by Coulomb [1], 

and it was notably highlighted by French engineer Alexandre Collin in 1846 [2]. In Britain, 

Bell (1915) recorded the first measurements and constructed a device intended to be a 

prototype for the later development of the direct shear apparatus. Bell was the first to 
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conduct and publish practical results of shear strengith testing,for different soil types [3,4]. 

The modern shear box was designed by Casagrande at Harvard University (USA) in 1932 [5]. 

An apparatus with a constant deformation rate applying, the “controlled deformation” 

principle using a fixed-speed motor was developed in 1946 [6], Bishop, 1946 presented 

detailed design improvements using this principle. Vickers, 1984 developed another shear 

apparatus capable of performing both drained and undrained tests [7]. 

Today, there are many devices from different manufacturers used for conducting direct 

shear tests, which fundamentally do not differ much in their testing; mechanisms. 

It was in 1936 and 1939 that Hvorslev proposed the first general concept for construc 

ing a ring shear apparatus [8,9]. Following this, several different designs of the apparatus 

were developed based on this concept; examples include: La Gata (1970), Bishop et al. 

(1971), Bromhead (1979), Savage and Sayed (1984), Hungr and Morgenstern (1984), Tika 

(1989), and Garga and Sendano (2002) [10-16]. However, the ring shear apparatus con- 

structed by Bromhead in 1979 has become increasingly popular due to its affordability and 

ease of use [12]. Bromhead and Curtis (1983) demonstrated that this apparatus produces 

results consistent with those obtained using, more sophisticated devices developed by the 

Norwegian Geotechnical Institute and Imperial College [17]. Since 1984, Prof. Sassa et al. 

from the Disaster Prevention Research Institute (DPRI) at Kyoto University have developed 

seven designs of ring shear apparatuses that allow for the laboratory simulation of seismic 

impacts and the measurement of pore pressures during, undrained tests through a control 

system [18]. 

The concept of residual shear strength first appeared in the literature in 1937 [19]. The 

residual shear strength of soil is an important parameter in geotechnical engineering. It is 

the strength reached after large displacements. Further shearing in the same direction does 

not lead to a decrease in shear streng-th, as it remains constant; thus, there are no further 

changjes in volume or changes in excess pore pressures. 
Understanding residual shear strength at large displacements is crucial in explaining, 

the mechanism of sliding [2,16,20] Conventional laboratory methods for defining, shear 

strength, such as the direct shear test, allow for maximum displacements up to 10 mm for 

samples measuring 6 x 6 cm [21-23]. For these reasons, assessing, soil behavior at large 

displacements is challenging since residual shear strength can only be defined through 

multiple shear cycles. The ring shear test, which allows unlimited displacement of the 

sample, is a much more reliable method for determining residual shear strength [22,24], as 

evidenced by several scientific studies [25—28]. For example, Fukuoka et al. (2007) applied a 

new concept using the ring shear test to define shear zones that occur at large displacements. 

This study indicated that the ring, shear test is most suitable for studying,  landslides, where 

arge displacements typically occur [26]. Kimura et al. (2014) investigated the effect of 

shear rate in defining the residual shear strength of soil in a landslide using the ring shear 

est [29]. In the new Eurocode 7: Part 2: 2007 regulations, it is stated that, during, tests to 

determine soil residual strength parameters, it is necessary to ensure the parallel alignment 

of boxes during, shearing, which can only be achieved with a ring; shear apparatus [30]. 

However, it should be noted that, in geotechnical practice, results from reverse direct shear 

ests are still most commonly used to define residual shear strength parameters. Significant 

displacements are required to accurately define residual shear strength, and these can only 

be approximately reproduced in the ring shear apparatus. 

This paper presents the results of testing the residual shear strength parameters of soil 

using a direct shear apparatus (DS) and a ring, shear apparatus (RS). The primary goalis 

o determine the difference in values obtained using these two different apparatuses. The 

secondary aim is to establish the correlation of residual shear strength parameters with 

certain physical indicators, as well as the relationship between residual parameters and 

normal stresses. 
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2. Materials and Methods 

The Drmno deposit is part of the Kostolac coal basin and is located on the right bank 

of the Danube, approximately 90 km downstream from Belgrade. The deposit encompasses 

the area east of the Mlava River, and its boundaries are defined by: the Danube River to the 

north, Boževačka Greda to the east, the Bradarac-Sirovačka Valley line to the south, and the 

Mlava River to the west (Figure 1a,b). 

2.1. The Broader Geological Structure of Open Pit Mine Drmno 

The broader area of Kostolac is composed of formations from the Paleozoic, Neogene, 
and Quaternary periods. 

The Drmno deposit consists of three coal layers designated as IHI, II and I (from the 

oldest to the youngest, respectively). The third (III) coal layer is the deepest and oldest. The 

second (II) coal seam occurs above the third layer and extends northwest of open pit mine 

“Drmno,” near the Kostolac B Power Plant. In the far northwest part of the deposit, the first 

(I) coal layer extends, covering, a small area (Figure 1c). 
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Figure 1. (a). Position of Serbia in relation to Europe. (b). Position of the Kostolac area in relation to 

Serbia. (c). Position of the Drmno d eposit in relation to Kostolac. 

The third coal layer is deposited over clayey-sandy sediments of the lower Pontian. 

In the Drmno deposit area, it is continuous across almost the entire expanse, occasionally 

with interlayers of carbonaceou: s clay, silt, and sand.
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The thickness and number of overburden layers vary. The highest number of overbur- 

den layers occurs in the western part of the deposit. The overburden interlayers identified 

in the third coal layer are mostly composed of siltstone. Sandy sediments appear less 

frequently, primarily in the northern part of the deposit. Clay, as the overburden material, 

is found in the southern and central parts of the third coal layer. In the lowest parts of the 

third layer, interlayers composed of siltstone and carbonaceous clay occur. 

The first coal layer is defined in the far northwest part of the deposit and is parallel to 

the second and third coal seams. 

The overburden deposits can be divided into direct overburden, interburden, and floor. 

Direct overburden—Quaternary formations are represented by gravel, sand, occasion- 

ally clay, and loess. 
Interburden—The overlying, material of the third coal layer is composed of sand with 

interlayers of carbonaceous, sandy, and marl clay, siltstone, and coal. 

The floor of the second coal layer is composed of sand, carbonaceous clay, clayey silt, 
and siltstone. The overlying material of the second coal layer, where it is developed, consists 

of sand, clayey sand, carbonaceous clay, marl clay, siltstone, and rare coal interlayers. The 

youngest upper Pontian sediments are composed of gray-blue clay, sand, and clayey sand 

with interlayers of carbonaceous clay and coal. 

Floor—In the immediate floor of the third coal layer, there are deposits of sand and 

clay that are gray and black in color (when containing, organic matter), and within these 

layers, individual lenses and interlayers of coal appear (Figure 2). 

LEGEND: OE= Soit Q) BBBSand QEESGravel QF==lSiltstone O IBB !! Coal layer ) BH:1! Coal layer O)EC1Gray clay, coal clay 

Figure 2. Schematic representation of the final western slope of the open pit mine: 1: humus; 2: sand; 

3: gravel; 4: siltstone; 5: second coal layer; 6: third coal layer; 7: gray clay. 

2.2. Samples for Testing 

Local instabilities due to exploitation on working, slopes appear as step-like slides 

in the overlying silty and clayey materials, as these are the most sensitive to changes in 

moisture and external influences. Historically, the monitoring,  of the surface mine has 

recorded over a hundred parallel tension cracks on the surface, which occur with shallow 

landslides. Their sliding bodies are shallow and do not exert significant pressure on the 

stable part of the terrain, thus not causing an increase in pore pressures along the slip plane. 

Ground sliding is the result of the action of groundwater along the tension cracks. This 

water can be wandering, capillary, or originate from higher layers of gravel and coarser 

sands. Intense rainfall increases the volume of groundwater in the soil, which, under the 

influence of gravity, machine vibrations, and pressure from layers above, moves to lower 

elevations, forming unstable blocks of silty-clayey materials. 

Due to the frequent occurrence of local sliding on working slopes above the third coal 

layer, laboratory tests were conducted on overburden sediments for this study using a total
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of 6 samples. These included siltstones from layer no. 4 (3 samples: U-4, U-5, U-6) and gray 
clay from layer no. 7 (3 samples: U-7, U-8, U-9) (Figure 2). 

2.3. Identification and Classification Testing 

The identification and classification tests were conducted at the Geomechanics Labora- 

tory of the Mining Institute in Belgrade. All tests were performed in accordance with the 
SRPS EN ISO 17892 standard [31—33]. 

2.4. Apparatus for Determining Residual Shear Strength 

For the purposes of this research, tests of residual shear strength were conducted on 
selected soil samples using, two apparatuses: the ring shear apparatus (RS) and the direct 
shear apparatus (DS). 

The RS used in the research is based on the original design developed by Bromhead, 
1979 [12] and is manufactured by Wykeham-Farrance Engineering Limited (Figure 3). The 

sample is ring-shaped with an internal diameter of 70 mm, an external diameter of 100 mm, 

and a height of 5 mm. The drainage of the sample is facilitated by two bronze porous discs 

attached to the bottom of the lower part and the top of the shear box. 

gs 

Figure 3. (a) Bromhead”"s ring, shear apparatus. (b) Three-dimensional model of the ring, shear 

apparatus (Source: manufacturer's manual). Legend: 1, 2—horizontal force measurement cell, 

3—frame for transmitting, vertical load, 4—touchscreen display, 5—vertical force measurement cell. 

In the ring shear apparatus, during testing, the cross-sectional area of the sample 
remains constant, and thus, shear stresses are induced by torque. 

The formula used to calculate residual shear strength is: 

R ILOB d) 
n(R)— Ri) 

where 

TR—fesidual shear strength, kPa; 

Fi, Fao—force measured at the ends of the beam for transmitting, torque, N; 
Ri R»—internal and external diameters of the sample, mm, respectively; 

L—lengtth of the torque beam, mm. 
For determining the residual shear strength parameters using the direct shear test in a 

shear box, an apparatus manufactured by Matest in Italy was used (Figure 4). The sample 
was square-shaped with the dimensions of 60 x 60 mm, and the initial height of the sample 

was 21 mm.
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a) 

Figure 4. (a) Matest direct shear apparatus. (b) Two-dimensional model of the direct shear appara- 

tus [34] (Reprinted/adapted with permission from Ref. [Karimpour F. et al., 2015]) Legend: 1—frame 

of the apparatus, 2—system for transmitting, horizontal load, 3—dig;jtal control unit, 4—device for 

measuring, horizontal linear displacements, 5—device for measuring, horizontal load, 6—device 

for measuring, vertical linear displacements, 7—system for transmitting, vertical load, 8—plate for 

transmitting, uniform vertical load, 9, 10—shear box. 

The formula used to calculate residual shear strength in the direct shear test is: 

Tp —= — 2 R-A (2) 

where 

TR—fesidual shear strength, kPa; 

P—bhorizontal shear force, N; 

A—the cross-sectional area of a sample, mm. 

2.5. Testing Procedure 

Remolded or reconstructed samples can be used to determine residual strength with 

DS and RS devices [2]. Bishop et al., 1971 [11] pointed out that the residual shear strength is 

not affected by the deformation of the samples (previous stress history). Remolded samples 

or testing, were prepared first by air drying, and then by grinding the soil in an avan. The 

samples were then sieved through a 1.0 mm sieve, mixed with distilled water to the desired 

moisture content for compaction, and allowed to hydrate for at least 24 h. 

The remolded samples for testing, were compacted directly into an oedometer appara- 

tus with an outer diameter of 100 mm and incrementally loaded vertically up to a maximum 

vertical stress of 400 kPa. After 24 h, the sample was extruded from the oedometer mold 

and placed into the RS apparatus. For the DS apparatus, the samples were prepared in 

he same way as for the RS apparatus. Afterward, the sample was first compacted into a 

square mold with dimensions of 6 x 6 cm and then extruded into the shear box. 

According, to the recommendations of the ASTM D6467-13 standard [35], sample 

preparation at the liquid limit is advised for these tests. However, samples prepared at 

he liquid limit were not suitable for testing due to the extrusion of the sample around 

he porous stone during consolidation. Similar observations were noted by Hayden et al. 

(2018) and Kiernan et al., 2022 [36,37]. For this study, the samples were prepared with the 

moisture content close to the plastic limit. Figure 5 shows the appearance of the samples 

after testing in the ring shear and direct shear apparatuses. 
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Figure 5. Appearance of the gray clay samples after testing, in the ring; shear apparatus (left) and 

direct shear apparatus (right). 

The samples were consolidated and sheared under vertical loads of 50, 100, 200, 

and 400 kPa. During shearing, a constant vertical pressure was maintained. In selecting, 

the shear rate, the criterion was set to ensure the rate was slow enough to eliminate the 

occurrence of excess pore pressure on the failure plane at a predefined failure criterion. 
Ramiah et al., 1970 [38] found that the measured residual shear strength was not affected by 

an increase in displacement rate from 0.02 to 60mm/min. Skempton, 1985 [12] concluded 

that there is less than 5% variation in the value of the angle of internal friction for shear rates 

ranging, from 0.05 to 0.35 mm/min. The Japanese Geotechnical Society, 2010 [39] suggests 
a shear rate of 0.02 mm/min for direct shear apparatuses. To arrive at an acceptable 

shear rate for this study, remolded samples were tested at a shear rate of 0.020 mm/min in 

both apparatuses 

In an ideal scenario, the residual shear strengith of soil can be defined as the shear 

strength at which shear stresses and the sample”s volume remain constant with further 

increases in horizontal displacements (deformation) [40]. For the ring shear test, Bromhead. 

1992) [41] concluded that, if the shear torque remains constant for more than 1 h, it indicates 

residual shear strength. In this study, the test samples were sheared to a displacement of 

about 360 mm, resulting, in a constant torque value for at least the last 150 h of shearing. 

2.6. Statistical Analyses 

In the data analysis, descriptive statistics were used, including, the determination of 

maximum, minimum, mean, and median values, as well as measures of sample variation 

(standard deviation and coefficient of variation). The Tukey-Kramer test was used to 

determine significant statistical differences. The significance of the relationship between 

variables was assessed using linear regression analysis. All analyses were conducted in 

EXCEL (MS Office 2010 Professional Plus, No. of ref: 977001862). 

3. Results and Discussion 

This study presents an analysis of results related to the residual shear strength obtained 

from highly plastic clayey and silty samples, which are part of the overburden of the third 

coal layer (Figure 2). 

The analysis of the grain size distribution shows that the siltstone consists of 13–15% 

clay fraction, 81% silt fraction, and 4–6% sand fraction, while the gray clay layer consists of 

30-34% clay fraction, 65–69% silt fraction, and 0-2% sand fraction. The results of these tests 

are presented in Figure 6.
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Figure 6. Particle size distribution graph. 

The liquid limit is in the range of LL = 46.3-47.5% for siltstone and LL = 63.0–68.0% 

for gray clay samples. The plasticity index values are in the range of Ip = 19.7–21.6% 

for siltstone and Ip = 22.5–-23.2% for gray clay. According; to the plasticity chart in EN 

ISO 14688-2 (2018) [42], based on the liquid limit and plasticity index values, the siltstone 

samples belong to class CIM, while the gray clay samples belong to class CIH. The con- 

sistency index values for siltstone are in the range of Ic = 0.84-0.94 and for gray clay 

from Ic = 0.91-0.97 (Figure 7). Based on the consistency index values, the samples are in a 

semi-hard consistency state. 

swelling potential consistency plasticity 
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Figure 7. Identification and classification indicators of the tested samples. 

The shear progression in the ring shear and direct shear apparatuses for the siltstone 

and clay samples is shown in Figures 8 and 9. Since these are remolded samples, they are 

dominated by unstable, hydrocolloidal bonds, making the activation of resistance smoother 

and more complex as it is accompanied by visible sample deformation, which is a result of 

the movement, even rotation, and shearing of elementary particles. Based on the low clay 

content and medium plasticity of the soil, combined with the specific shape of the stress- 

horizontal deformation curve, we can conclude that the movement mechanism is classified 

as transitional according, to Lupini's, 1981 [43]. Transitional soils are characterized by a
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distinct drop in strength in overconsolidated clay after reaching, the peak drained strength. 
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unique mixture of cohesive and non-cohesive properties. The low clay content sug;gests 
that, while the soil retains some cohesive characteristics, it may not exhibit the same level 
of plasticity as pure clay soils. The medium plasticity indicates that the soil has enough 
plastic behavior to deform under stress, but not excessively, which aligns with transitional 
behavior. Figure 8b illustrates a drastic drop in shear strength, which can be attributed 
to the higher content of clay fractions and the high plasticity of the soil. The platey clay 
minerals present in the soil exhibit a strong tendency to orient themselves parallel to the 
shear plane during, deformation. This orientation contributes to a significant reduction 
in soil strength. According to Lupini's, this behavior is classified as a sliding, mechanism. 
Skempton, 1970-1985 [2] concluded that, due to an increase in moisture, which results from 

the deformation and reorientation of clay particles parallel to the shear direction, there is a 

Figure 8. Shear stress versus rotation anglle for (a) siltstone (b) gray clay.
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es daoikcamenr | 

Figure 9. Shear stress versus horizontal displacement for (a) siltstone (b) gray clay. 

In direct shear tests, after the first and second cycles and returning the shear box to 

its original position, due to the orientation of particles in the shear plane, samples U-5 

(curve at normal stresses of 100 and 400 kPa), U-7 (curve at 100 kPa), and U-9 (curve at 

100 and 200 kPa) exhibited accumulation and the “rabbit's paw” effect, leading to a sudden 

increase in shear stress (Figure 9). The mechanism of material displacement in the form of 

accumulation and stretching, (spreading;) resembles a rabbit's paw, and this phenomenon 

is colloquially referred to in Serbian as the “rabbit's paw” effect. Shear stress-horizontal 

displacement curves in reverse DS tests can sometimes be very difficult to interpret due to 

renewed peaks with changes in shear direction and the shape of the shear stress-horizontal 

displacement curve [43]. 

Shear strength parameters are defined by cohesion and the angle of internal friction [44,45]. 

However, the residual angle of internal friction varies depending,on the soil properties 

and the magnitude of the normal stress, assuming that the residual cohesion of the soil is 

zero [2,29,40,46]. After reaching the residual state, all internal adhesive and cohesive effects 

within the specimen are depleted. At this stage, the particles in the specimen have lost their 

ability to maintain a mutual connection, meaning that there are no longer any additional 

cohesive forces to bind them together and it is considered that the value of cohesion is 

equal to zero. The values of cohesion obtained from testing ranged up to 0.4 kPa, and 

considering, the previously mentioned points, it was adopted for further consideration that 

cohesion is equal to zero. 
The residual values of the angle of internal friction obtained in the DS apparatus for silt- 

stone were in the range of Q = 13.7–14.1”, while for gray clay they were ”R = 12.2–12.6% 

(Figure 10). 

The residual values of the angle of internal friction obtained with the RS apparatus for 

siltstone were in the range of Qp = 11.8-12.9”, while for gray clay, they were in the range 

of 0'R = 9.9-10.8?* (Figure 10). As previously mentioned, a cohesion value of c'aR = 0 kPa 

was adopted for result interpretation.
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Figure 10. Values of the residual shear strength parameters depending, on the testing, method. 

Generally speaking, based on the obtained results, it can be concluded that the residual 

angles of shear strength obtained from the RS for gray clay are 1.7–2.3? lower than the 

angle of internal friction obtained through the classical method for determining residual 

shear strength parameters in the DS apparatus. For siltstone samples, the difference in the 

residual angles of internal friction obtained from DS and RS was somewhat smaller, with 

values being 1.2-1.9* higher than those obtained from RS. 

According to Vithana et al., 2011 [47], the results of direct shear tests on bentonite and 

mudstone samples are nearly twice those from ring shear tests, and for loess, siltstone, and 

alluvial loess samples, they range from around 1.02 to 1.3. Chen & Liu, 2013 [48], on the 

other hand, obtained similar qp values using both apparatuses. Anaii et al., 1988 [49] 

found that modified tests on Bromhead"s ring shear apparatus yield lower values of residual 

friction angle compared to reverse direct shear tests. Rakić et al., 2011 [50] reported higher 

values in the DS apparatus compared to the RS apparatus for highly plastic carbonaceous 

clay and siltstone samples from the open-pit mine “Tamnava-West Field,” with higher 

values of 4—4.6” for clay and 1.3-2.0” for siltstone. Based on silt samples from a large 

landslide in Brazil, Heidemann, 2020 [51] reported internal friction angles of 12.0% in the DS 

apparatus and 7.7” in the RS apparatus. Fang, 2024 [52] reported qp values of 32.94-13.97% 

for 15 artificially prepared samples taken from the embankments of a dam reservoir with 

varying amounts of fine particles (d < 0.075 mm) and concluded that the residual shear 

strength of soil decreases with an increase in the percentage of fine particles. 

To determine the existence of a statistical difference between the values of the residual 

angle of internal friction obtained using; the DS and RS apparatuses, as well as differences 

between the isolated geotechnical layers, the Tukey-Kramer test was conducted (Table 1). 

The results indicate a significant difference between the values of the angle of internal 

friction obtained from the DS and RS apparatuses. Additionally, the observed difference in 

the angle of internal friction values between the isolated geotechnical layers obtained using, 

both apparatuses was confirmed by this analysis. 

Table 1. Statistical differences of the residual angle of internal friction of the selected groups 

of samples. 

Comparison Absolute Difference — Critical Range Result 

wR DS vs. og DS 1.5 0.441 Means significantly different 

qR RS vs. og RS 2.03 1.210 Means significantly different 
q RS vs. og DS 1.77 1.560 Means significantly different 

3.1. Site-Specific Correlation 

To date, several correlations have been published between the parameters of resid- 

ual shear strength and the physical parameters of soil (percentage of clay fractions and
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plasticity index) across different soil types using, various types of direct and ring shear 

apparatuses [29,40,43,45,52]. 

For a relatively small number of soil samples from the open pit mine Drmno (six 

samples), a correlation analysis was performed on the obtained values of residual an- 

gles of internal friction from the DS and RS apparatuses and the percentage of fractions 

d < 0.002 mm, as well as the plasticity index (Ibp). 

Figure 11 shows the correlation of the values of the residual angle of internal friction 

obtained from six soil samples in the DS and RS apparatuses. 

15 

9 e Siltstone 

eGrayclay 

9 1 13 15 u 
WRDS{") 

Figure 11. Correlation values of the residual angle of internal friction obtained from the DS and 

RS apparatuses. 

The correlation between the angle values measured in the two shear apparatuses can 

be expressed by a linear relationship: 

gRRS = 1.3470hDS + 6.5206 (3) 

where qg'a RS is the angle obtained in the RS apparatus, and qg DS is the angle value 

obtained from the DS apparatus. 

A correlation has also been established between the plasticity index and the residual 

anglles of internal friction obtained from the DS and RS apparatuses, as shown in Figure 12. 

The values of the coefficients of determination for the relationships between the parameters 

Ip-q"R RS and Ip-q"p DS are 0.91 and 0.92, respectively. 

D
S
(
"
)
 

11 W DS =-0.0912ip+16.461 

(aRS =-0.1234/p+15.67 

e Siltstone , e Siltstone 

e Gray clay e Gray clay 

10 15 2 25 30 35 4( 45 50 s 10 1 ? 5 ) 5 4( 4 50 

Plasticity index Ip Plasticityindex ip 

Figure 12. Correlation values between the plasticity index (Ip) and the residual ang}e of internal 

friction obtained from the DS (right) and RS (left) apparatuses.
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Figure 13 shows the correlation between the values of the residual angle of inter- 

nal friction and the clay fractions (less than 0.002 mm). The correlation between these 

values is expressed by a linear relationship, with the coefficients of determination for 

d <0.002 mm-q!g RS and d < 0.002 mm-q!g DS being 0.86 and 0.88, respectively. 

> T ——se___ :. 
l Pi 

= — rŽž! 9 DS = -0.0822 CF+15.221 t š 
y= -0.1104x+13.973 • 

R? = 0.8627 

e Siltstone • Siltstone 

e Gray clay e Gray clay 

0 30 || 10 1 

d<0.002mm, CF (%) d<0.002mm, CF (%) 

Figure 13. Correlation values between the percentagje of fractions less than 0.002 mm and the residual 

ang}le of internal friction obtained from the DS (right) and RS (left) apparatuses. 

All the presented correlations confirmed a negative correlation between the residual 

ang}le of internal friction and the physical parameters of the soil (Figures 12 and 13) and are 

useful for estimating, trends at the studied location. However, they cannot be applied in 

a general sense in geotechnical practice. Collotta et al., 1989 [53] emphasized that similar 

correlations with a larger number of samples (from different locations) can yield more 

significant variability in the variables. 

3.2. Practical Application of Research Results 

Through the analysis of the residual strength parameters of soils in overburden sed- 

iments, it is possible to significantly contribute to the optimization of the slope angle of 

the final slope of surface mines. This practice is crucial in the design and dimensioning, of 

operational and final slopes in surface mining.. By considering the geomechanical charac- 

teristics of the sediments, mines can more effectively manage slope stability and reduce the 

risk of landslides. 

Increasing the angle of the final slope, with a proper understanding and application of 

soil strength parameters, can lead to significant cost savings in mining operations and the 

opening of mines. Additionally, this approach can improve the overall efficiency of mining; 

operations, allowing, for greater production and a reduction in the resources needed to 

support slope stability. 

Therefore, it is important to consider not only the current geological conditions when 

designing, slopes but also the long-term stability and behavior of materials under changing; 

working conditions. 

4. Conclusions 

In this study, the principles of performing ring, and direct shear tests are described, 

and specific results obtained from siltstone and gray clay samples from the overburden of 

the third coal layer at the open pit mine Drmno are presented. Based on these results, a 

comparative analysis of the residual values was conducted. The greneral conclusions are 

as follows: 

• The values of the residual ang}le of internal friction for gray clay obtained using, the 

RS apparatus are 1.7–2.3” lower and for siltstone, 1.2–-1.9* lower than those obtained 

using the DS apparatus; 

• _ Thereis also a decrease in the residual angle of internal friction as the percentage of 

clay fractions in cohesive soils increases;
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• The presented correlations between the residual ang}le of friction and the plasticity 

index and/or grain size composition cannot be generalized and only apply to the 

studied location; 

• The proposed correlations should only be used when time and financial constraints do 

not allow for actual tests to determine residual shear strength, and they should only 

be considered as preliminary. However, in all other cases, conducting, specific tests 

will provide a much more reliable assessment of the residual strength properties of 

the tested soil. 
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