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 Slope stability in nickel laterite mines is critically influenced by the 
distinct geotechnical properties of limonite and saprolite weathering 
profiles. These materials, prevalent in tropical mining regions, exhibit 
significantly different responses to hydrological and mechanical 
stresses, necessitating detailed stability assessments for safe mine 
operations. This study combines field investigations, laboratory 
testing, and Limit Equilibrium Method (LEM) analysis to evaluate 
slope stability. Geotechnical parameters were determined through 
standardized tests and slope stability analyses examined both single-
slope (40°-60° angles) and overall-slope configurations with varying 
bench geometries (widths 3-5m, angles 29°-60°). The analysis 
demonstrated: (1) Safety factors (SF) decreased 25-30% as slope 
angles increased from 40° to 60°, with limonite (SF=2.8-2.1) 
consistently outperforming saprolite (SF=2.4-1.9); (2) Bench width 
significantly influenced stability, with 5m widths improving SF by 15-
20% compared to 3m widths; (3) Optimal stability (SF=1.85) was 
achieved with gentler geometries (29° slope, 40° bench, 5m width), 
while steeper configurations approached critical conditions 
(SF=1.22). The study provides critical insights for designing stable 
slopes in nickel laterite mines, emphasizing: (1) material-specific 
slope angles, (2) wider bench designs, and (3) integrated 
geotechnical-LEM approaches. These findings directly address 
operational challenges in tropical mining environments, offering 
practical solutions to enhance safety while maintaining productivity. 
The methodology establishes a replicable framework for slope 
stability assessment in weathered geological profiles. 

 

1. Introduction 

  Slope stability is a fundamental aspect of geotechnical engineering, particularly in mining 

operations where unstable slopes can lead to significant safety hazards, economic losses, and 

environmental damage [1]. The stability of slopes is influenced by a complex interplay of geological, 

hydrological, and anthropogenic factors, making it a critical area of study for engineers and researchers 

[2], [3]. In open-pit mining, where slopes are continuously modified to access mineral resources, 

understanding and predicting slope behavior becomes even more crucial. The consequences of slope 

failure can be catastrophic, ranging from equipment damage and production delays to loss of human life 
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and long-term environmental degradation. Therefore, accurate assessment and proactive management 

of slope stability are essential components of safe and sustainable mining practices. The tropical climate 

prevalent in many mining regions, such as Southeast Asia, introduces additional challenges to slope 

stability [4]. Intense rainfall events can rapidly saturate slope materials, reducing their shear strength 

and increasing pore water pressures [5]. This phenomenon is particularly problematic for weathered 

materials like saprolite, which exhibit significant changes in mechanical properties with varying 

moisture content. Furthermore, the cyclic nature of wet and dry seasons in these regions leads to 

repeated swelling and shrinking of clay minerals, potentially creating progressive failure surfaces [6]. 

These environmental factors, combined with the mechanical stresses induced by mining activities, 

create a dynamic and challenging environment for maintaining stable slopes throughout the mine's 

operational life. 

  The Limit Equilibrium Method (LEM) has emerged as the most widely used approach for slope 

stability analysis due to its conceptual simplicity and practical applicability. This method evaluates the 

balance between resisting forces, which prevent slope failure, and driving forces, which promote it, to 

determine the factor of safety (SF) [7], [8]. The development of LEM can be traced back to the early 20th 

century, with significant contributions from pioneers like Bishop, Janbu, Spencer and Morgenstern [9]–

[12]. Over time, various LEM techniques have been developed to address different geological conditions 

and failure mechanisms, making it a versatile tool for engineers. Its popularity in mining applications 

stems from its ability to provide quick and reasonably accurate assessments of slope stability, which is 

crucial for operational decision-making in dynamic mining environments [13]. 

  The effectiveness of LEM depends heavily on the selection of an appropriate analysis variant, 

each with its own assumptions and limitations. For relatively homogeneous slopes with circular failure 

surfaces, the simplified Bishop method often provides satisfactory results while maintaining 

computational efficiency [14]. In cases where non-circular failure surfaces are anticipated, the Janbu 

method may be more appropriate as it considers force equilibrium conditions [15]. For more complex 

scenarios involving irregular geometries or heterogeneous materials, the Morgenstern-Price and 

Spencer method offers greater accuracy by accounting for interslice forces, though at the cost of 

increased computational complexity [16]. These methodological choices must be carefully considered 

in relation to site-specific conditions, including material properties, groundwater conditions, and the 

presence of structural discontinuities. 

  This study focuses on the stability of slopes composed of limonite and saprolite layers, which 

are commonly encountered in nickel laterite mining operations. These weathering products present 

unique challenges for slope design due to their contrasting engineering behaviours. Limonite, forming 

in the upper zones of weathering profiles, typically exhibits higher density and better cementation 

between particles due to its iron oxide content. Saprolite, found in deeper weathering zones, retains 

more of the parent rock's structure but with significantly reduced strength due to chemical alteration. 

The distinct behaviors of these materials under different stress and moisture conditions necessitate 

careful consideration in slope design to ensure both operational safety and economic viability of mining 

operations. The main objective of this study was to analyze slope stability under various slope angles to 

determine the optimal configuration that ensures both safety and operational efficiency in mining 

activities. Field investigations and laboratory testing formed the foundation of this research, providing 

essential data on the geotechnical properties of the slope materials. Standard procedures were followed 

to determine key parameters including unit weight, cohesion, and angle of internal friction for both 

limonite and saprolite samples. These material properties were then incorporated into stability 

analyses examining both single-slope and overall-slope configurations. By systematically varying 

geometric parameters such as slope angle, bench height, and bench width, the study aimed to identify 

optimal designs that satisfy safety requirements while maximizing operational efficiency. The findings 
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contribute to the growing body of knowledge on tropical weathering profile behavior and provide 

practical guidance for engineers working in similar geological settings. 

 

2. Literature Review 

2.1 Limit Equilibrium Method 

  The Limit Equilibrium Method (LEM) is a widely used approach for analyzing slope stability, 

particularly in geotechnical engineering. It involves evaluating the balance of forces on a potential 

sliding mass to determine the factor of safety, which indicates the stability of the slope. This method is 

versatile and can be applied under various conditions, such as different rainfall intensities, seismic 

activities, and geological settings. The following sections explore key aspects of LEM in slope stability 

analysis.  

  In terms of application in different conditions, LEM is used to assess the impact of rainfall on 

slope stability, as seen in loess slopes where increased rainfall intensity reduces the slope safety factor, 

indicating higher instability risks [17]. In seismic and fault conditions, particularly in fault-controlled 

metal mines, LEM helps in identifying slip surfaces with the lowest safety coefficients, crucial for safe 

mining operations [18]. The method is also applied to evaluate the effect of groundwater levels on slope 

stability, as demonstrated in areas prone to landslides where rising water tables can lead to critical 

conditions [19], [20]. While LEM is a robust tool for slope stability analysis, it is important to consider 

its limitations, such as the assumption of rigid body mechanics and the potential for indeterminacy in 

complex scenarios. These factors necessitate careful selection of the appropriate LEM variant and 

consideration of additional methods or technologies to ensure comprehensive risk assessments. 

 

2.2 Safety Factor 

  The safety factor in slope stability analysis a critical measure that assesses the stability of slopes 

by comparing resisting forces to driving forces. It is defined as the ratio of the shear strength of the soil 

to the shear stress acting on a potential slip surface. This ratio helps determine whether a slope is stable 

(SF > 1) or unstable (SF < 1) [21]. There are several definitions of the safety factor based on different 

perspectives. One common approach defines it as the ratio of the soil’s shear strength to the shear stress 

required for equilibrium on the slip surface. Another interpretation views it as the margin of safety, or 

the factor by which the shear strength must be reduced to bring the slope to a critical equilibrium state—

essentially indicating how much reserve strength exists before failure occurs [8]. Additionally, the safety 

factor can be seen as the ratio of the resisting sliding force to the driving sliding force on the most 

dangerous slip surface [22]. 

  In practical applications, the safety factor plays an essential role in assessing slope conditions. 

For instance, in Morowali, safety factors calculated using FEM methods showed values below 1, 

indicating instability and the need for reinforcement measures [23]. Furthermore, comparative studies 

of various LEM methods, have shown differing safety factor results, highlighting the importance of 

selecting the appropriate method for accurate slope stability assessments [24]. 

While the Limit Equilibrium Method provides a foundational approach to slope stability analysis, it is 

important to recognize its limitations. The accuracy of the results depends heavily on the chosen method 

and the assumptions made during calculations, which can lead to varying safety factor outcomes. 

 

3. Research Method 

Based on the results of the field investigation using deep boring, the slope materials consist of 

two main layers, namely limonite and saprolite. These two layers are the focus in the analysis of mine 

slope stability. The limonite layer is formed from the intensive weathering process of the parent rock 

while the saprolite layer is the result of advanced weathering of ultramafic rocks with physical 
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characteristics in the form of textures that vary from sandy clay to clayey sand. Based on the results of 

laboratory tests, the average soil parameters in the limonite and saprolite layers are found in Table 1.  

Table 1 Laboratory test results 

Soil 

layer 
 (kN/m3) [25]  c (kPa) [26]  (…o) [26] 

Limonit 22.46 32.65 30.68 

Saprolit 21.26 26.52 29.49 

 

Analysis was carried out on single slope conditions and overall slope analysis to determine slope 

geometric designs that still meet the criteria of safe factors [27], using Slide 6.0 software. The single-

slope design is made assuming that the material is homogeneous, so the direction of the single slope is 

considered uniform. The single-slope geometry is designed by modeling each lithology separately, using 

a simulation of a single slope height of 6 meters as well as variations in slope angles of 40º, 45º, 50º, 55º, 

and 60º.  

The overall slope geometry design is carried out to determine the optimal slope angle that can 

be formed in the mining area. The overall slope geometry plan follows the layer profile obtained from 

the results of the field investigation (Figure 1). Figure 1 shows the profile of the layer consisting of two 

main layers, namely the limonite layer and the saprolite layer. This profile is the basis for making the 

geometric design of the mine slope to ensure the efficiency and stability of mining operations. The top 

layer that is yellow is the layer of limonite. The thickness of the limonite layer varies, ranging from 5 to 

10 meters. The second layer which is orange-yellow is the saprolite layer. The thickness of the saprolite 

layer varies quite a bit, ranging from about 10 meters to 15 meters. A geometric model of a single slope 

and an overall slope can be seen in Figure 2. The overall workflow of the slope stability analysis carried 

out in this study is illustrated in Figure 3. 

 

Figure 1 Cross-sectional profile 

  
(a) (b) 

Figure 2 Slope geometry model (a) Single slope analysis; (b) Overall slope analysis 
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Figure 3 Research flowchart 

 

4. Results and Discussion 

4.1 Analysis of Single Slope Stability 

The analysis results of the limonite and saprolite layers stability are shown in Figure 4. The 

results of the analysis showed the relationship between slope angle and Safety Factor (SF) value in the 

two main types of slope constituent materials, namely limonite and saprolite.  

 
Figure 4 Single slope stability analysis result 

The results of the analysis showed that the value of the safety factor decreased as the slope angle 

increased. At a slope angle of 40°, the SF value for the limonite layer reaches about 2.8 and decreases to 

about 2.1 at an angle of 60°. As for the saprolite layer, the SF value is in the range of 2.4 at an angle of 
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40° and drops to about 1.9 at an angle of 60°. This decrease in SF value is in accordance with the principle 

of slope mechanics, where an increase in slope angle leads to an increase in the shear force component 

that drives collapse, while the retaining force remains, thereby reducing the stability of the slope [23].  

In comparison, limonite material shows better performance in terms of slope stability than 

saprolites. This is in line with the technical characteristics of both types of materials. Limonite formed 

from the oxidation and precipitation processes of iron has a denser and consolidated structure, as well 

as a high iron oxide content that acts as a binder between soil particles. In contrast, saprolites, which 

are the result of advanced weathering of the parent rock, have a looser structure and shaft, and are 

highly sensitive to changes in moisture content, so their shear strength is relatively lower [28]–[31].   

Although the SF values for both types of materials are still above the minimum safety factor 

requirement, it can be seen that the saprolite layer is closer to the critical limit, particularly at greater 

slope angles. This shows that slope geometry planning needs to consider the dominance of the types of 

materials present in the field. In areas dominated by saprolites, the slope angle design should not be too 

steep to maintain long-term slope stability. 

 

4.2 Analysis of Overall Slope Stability 

The calculation results (Table 2) show that the safety factor decreases consistently along with 

the increase in slope and level angle. In the level configuration with a height of 6 meters and a width of 

3 meters, the increase in slope angle from 33° to 46° led to a decrease in the value of the safety factor 

from 1.65 to 1.22. A similar pattern of decline was also found in configurations with a width of 4 meters 

and 5 meters, which indicates that the increase in slope driving force, thereby decreasing the stability 

of the slope.  

However, the increase in level width has been proven to make a positive contribution to the 

stability of the slope. In the combination of slope angles and level angles, the value of the safety factor 

increases as the width of the level increases. For example, for a slope angle of 36° and a slope angle of 

45°, the value of the safety factor increases from 1.51 (width 3 m), to 1.62 (width 4 m), and 1.73 (width 

5 m). This shows that level widening is able to extend the potential slip field and reduce the shear stress 

acting on the slope body. The geometry of the slope, which includes the height and slope of the overall 

slope, has a dominant influence on stability. The higher and steeper a slope, the greater the force that 

drives the potential for avalanches, so the value of the safety factor tends to decrease [23]. For example, 

at a level width of 3 meters, increasing the slope angle from 33° to 46° lowers the safety factor from 1.65 

to 1.22.  

Meanwhile, the geometry of the level, which includes the height, width, and angle of the bench 

face angle, also affects local and global stability. The wider level allows the avalanche energy to be 

dissipated better, as well as lowering the overall slope. For example, at a slope angle of 36° and a level 

angle of 45°, the value of the safety factor increased significantly from 1.51 (width 3 m) to 1.73 (width 

5 m). This improvement shows that modifications to the geometry of the level can be an effective 

strategy to increase stability without having to lower the overall height of the slope. In addition to the 

width of the level, the angle of the face of the level also plays an important role. A sloping angle (about 

40°–45°) results in a higher safety factor value compared to a steeper angle (50°–60°). Too steep angles 

lead to the formation of shorter slip trajectories and increased concentrate tension, thus magnifying the 

potential for failure.  

Based on all the geometric variations tested, the most stable configuration was obtained at a 

combination of slope angle of 29°, angle of 40°, and width of 5 meters, resulting in a safety factor value 

of 1.85. On the other hand, the most critical combinations occurred at a slope angle of 46°, a slope angle 

of 60°, and a level width of 3 meters, with a safety factor value of only 1.22. This value indicates that the 

slope design is at the threshold of stability. Overall, the results of the analysis show that the optimal 
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slope design approach should consider the synergy between slope geometry and level geometry. 

Adjustment of level width, slope angle control, and moderate selection of level face angles have been 

shown to be effective in keeping safety factor values above safe limits (≥1,2). This strategy is important 

in open-pit mine slope planning in order to ensure long-term stability. 

Table 2 Overall slope stability analysis result 

Slope geometry Bench geometry 

SF Slope 

height (m) 

Slope 

angle (0) 

Bench 

Slope (0) 

Height 

(m) 

Width 

(m) 

24 33 40 

6 3 

1.65 

24 36 45 1.51 

24 39 50 1.4 

30 42 55 1.22 

24 46 60 1.22 

24 31 40 

6 4 

1.75 

24 36 45 1.62 

24 39 50 1.5 

24 43 55 1.41 

32 40 60 1.23 

24 29 40 

6 5 

1.85 

24 32 45 1.72 

24 34 50 1.61 

24 37 55 1.51 

24 40 60 1.42 

  

5. Conclusion and Recomendation 

In conclusion, this study investigated the stability of slopes composed of limonite and saprolite 

layers using the Limit Equilibrium Method (LEM), revealing critical insights into the influence of 

material properties and geometric configurations on slope safety. The analysis demonstrated that the 

safety factor decreases as the slope angle increases for both materials, with limonite exhibiting higher 

stability due to its denser structure and greater cohesion. Saprolite, on the other hand, showed greater 

vulnerability to instability, particularly at steeper angles, highlighting the need for material-specific 

slope designs. The overall-slope analysis further emphasized the importance of bench geometry, where 

wider benches and gentler angles significantly improved stability by redistributing shear stresses and 

extending potential slip surfaces. The optimal configuration—combining a slope angle of 29°, a bench 

angle of 40°, and a bench width of 5 meters—achieved a safety factor of 1.85, well above the critical 

threshold.  

However, several limitations of this study should be noted. First, the assumption of 

homogeneous conditions within the slope layers may not fully capture the variability of in-situ material 

properties, especially in weathered geological formations. Second, the analysis did not incorporate 

dynamic loading factors such as seismic activity or blasting vibrations, which can significantly affect 

slope stability in active mining operations. Third, the geotechnical data used were based on limited field 

sampling, which may not represent broader site conditions in highly heterogeneous deposits. These 

limitations should be considered when applying the findings to other sites or scaling them for 

operational implementation.  
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To ensure long-term stability in mining operations, it is recommended to adopt gentler slope 

angles and wider benches, especially in areas dominated by saprolite. Regular monitoring of slope 

conditions, particularly during periods of heavy rainfall or seismic activity, is also essential to detect 

early signs of instability. Future research should aim to address the aforementioned limitations by 

incorporating advanced numerical modeling, site-wide geotechnical characterization, and the effects of 

dynamic loading. By integrating these improvements into slope design and management practices, 

mining operations can enhance safety, reduce the risk of failures, and improve overall efficiency. 

 
References 
[1] P. Kolapo, G. O. Oniyide, K. O. Said, A. I. Lawal, M. Onifade, and P. Munemo, “An Overview of Slope 

Failure in Mining Operations,” Mining, vol. 2, no. 2, pp. 350–384, Jun. 2022, doi: 
10.3390/mining2020019. 

[2] F. Salmasi, J. Abraham, and B. Nourani, “Determining the Analysis of the Stability of Embankments 
against Sliding and Prediction of Sliding and Critical Factor of Safety,” in Novel Perspectives of 
Engineering Research Vol. 9, Book Publisher International (a part of SCIENCEDOMAIN 
International), 2022, pp. 98–125. doi: 10.9734/bpi/nper/v9/2028A. 

[3] A. Syah and F. Alami, “Geotechnical investigation, landslide mechanism and countermeasure on 
the road above the soft-medium clay,” J. Civ. Eng. Plan., vol. 5, no. 1, pp. 79–88, Jun. 2024, doi: 
10.37253/jcep.v5i1.9373. 

[4] A. I. Theocharis, I. E. Zevgolis, A. V. Deliveris, R. Karametou, and N. C. Koukouzas, “From Climate 
Conditions to the Numerical Slope Stability Analysis of Surface Coal Mines,” Appl. Sci., vol. 12, no. 
3, p. 1538, Jan. 2022, doi: 10.3390/app12031538. 

[5] E. Ngii, A. Minmahddun, and F. N. R. Kudus, “Rainfall Infiltration Impact on Road Embankment 
Stability,” Brill. Eng., vol. 4, no. 2, pp. 1–4, 2023, doi: 10.36937/ben.2023.4832. 

[6] A. S. Al-Homoud, A. A. Basma, A. I. Husein Malkawi, and M. A. Al Bashabsheh, “Cyclic Swelling 
Behavior of Clays,” J. Geotech. Eng., vol. 121, no. 7, pp. 562–565, Jul. 1995, doi: 
10.1061/(ASCE)0733-9410(1995)121:7(562). 

[7] L. W. Abramson, T. S. Lee, S. Sharma, and G. M. Boyce, Slope Stability and Stabilization Method, 
Second. New York: John Wiley & Sons, 2002. 

[8] H. C. Hardiyatmo, Tanah Longsor dan Erosi: Kejadian dan Penanganan. Yogyakarta: Gadjah Mada 
University Press, 2012. 

[9] A. W. Bishop, “The use of the Slip Circle in the Stability Analysis of Slopes,” Géotechnique, vol. 5, 
no. 1, pp. 7–17, 1955. 

[10] N. Janbu, “Slope Stability Computations: In Embankment-dam Engineering.,” John Wiley Sons, pp. 
47–86, 1973. 

[11] E. Spencer, “A Method of The Analysis of The Stability of Embankments Assuming Parallel 
Interslice Forces,” Géotechnique, vol. 17, no. 1, pp. 11–26, 1967. 

[12] N. R. Morgenstern and V. E. Price, “The Analysis of the Stability of General Slip Surfaces,” 
Géotechnique, vol. 15, pp. 79–93, 1965. 

[13] J. Meng, Y. Wang, H. Ruan, and Y. Liu, “Stability Analysis of Earth Slope Using Combined Numerical 
Analysis Method Based on DEM and LEM,” Teh. Vjesn. - Tech. Gaz., vol. 25, no. 5, Oct. 2018, doi: 
10.17559/TV-20161016085231. 

[14] H. B. Wei, Q. Zhang, and J. H. Zhao, “Simplified Bishop Method Homogeneous Soil Slope Stability 
Analysis Based on the C# Language,” Appl. Mech. Mater., vol. 580–583, pp. 291–295, Jul. 2014, 
doi: 10.4028/www.scientific.net/AMM.580-583.291. 

[15] G. Zhao, J. Sun, Y. Yan, and X. Xie, “Optimal reconstruction of constrained janbu method with ADP 
and non-integral safety factor,” Appl. Math. Comput., vol. 457, p. 128166, Nov. 2023, doi: 
10.1016/j.amc.2023.128166. 

[16] Y. Coulibaly, T. Belem, and L. Z. Cheng, “Numerical analysis and geophysical monitoring for 
stability assessment of the Northwest tailings dam at Westwood Mine,” Int. J. Min. Sci. Technol., 
vol. 27, no. 4, pp. 701–710, 2017, doi: 10.1016/j.ijmst.2017.05.012. 

[17] Y. Liu, Y. Yang, and A. Hu, “Stability analysis of loess slope combined with limit equilibrium 
method under different rainfall intensities,” Appl. Math. Nonlinear Sci., vol. 9, no. 1, Jan. 2024, doi: 



Anafi Minmahddun, Laode Jonas Tugo Journal of Civil Engineering and Planning 
Vol. 6. No. 1 2025 

 
 

58 

10.2478/amns.2023.2.01384. 
[18] G. Gülsev Uyar Aksoy, C. Okay Aksoy, and O. Savas, “Slope Stability Analysis Using the 3D Limit 

Equilibrium Method in a Fault-Controlled Metal Mine,” in Engineering Geology and Geotechnics: 
Building for the Future, Proceedings of the Conference EUROENGEO 2024, University of Zagreb 
Faculty of Civil Engineering, Oct. 2024, pp. 521–528. doi: 10.5592/CO/EUROENGEO.2024.262. 

[19] P. A. W. Santie, W. Wilopo, and F. Faris, “Slope Stability Analysis Using Electrical Resistivity 
Tomography and Limit Equilibrium Method: A Case Study from Girimulyo, Kulon Progo,” J. Appl. 
Geol., vol. 9, no. 1, p. 37, Oct. 2024, doi: 10.22146/jag.97467. 

[20] T. F. Fathani, A. Minmahddun, and F. Faris, “Determination of Stability During First Impounding 
in Jatigede Earth Dam,” J. Appl. Geol., vol. 3, no. 2, p. 1, 2019, doi: 10.22146/jag.48592. 

[21] Badan Standarisasi Nasional, SNI 8460:2017 Persyaratan Perancangan Geoteknik. Jakarta: Badan 
Standarisasi Nasional, 2017. 

[22] Y. Zhai, W. Y. Xu, C. Shi, S. N. Wang, and H. L. Zhang, “Application of Limit Equilibrium FEM Method 
to the Slope,” Adv. Mater. Res., vol. 926–930, pp. 524–528, May 2014, doi: 
10.4028/www.scientific.net/AMR.926-930.524. 

[23] S. Ramadhani, A. Minmahddun, M. Patuti, I., and M. Widiastuti, “Analisis Stabilitas Lereng 
Tambang Nikel Kabupaten Morowali,” REKONSTRUKSI TADULAKO Civ. Eng. J. Res. Dev., vol. 5, 
no. 1, pp. 65–70, 2024, doi: https://doi.org/10.22487/renstra.v5i1.654. 

[24] R. Zulhendra, M. Arif, A. Putra, and D. F. Hadi, “Stability Modeling of Groyne-Type Structure with 
Embankment in Pelangai River, Pesisir Selatan Regency, West Sumatra,” J. Civ. Eng. Plan., vol. 5, 
no. 2, pp. 172–180, 2024, doi: https://doi.org/10.37253/jcep.v5i2.10007. 

[25] Badan Standarisasi Nasional, SNI 1743:2008 Cara Uji Kepadatan Berat Untuk Tanah. Bandung: 
Badan Standarisasi Nasional, 2008. 

[26] Badan Standarisasi Nasional, SNI 3420:2016 Metode Uji Kuat Geser Langsung Tanah 
Terkonsolidasi dan Terdrainase. Jakarta: Badan Standarisasi Nasional, 2008. 

[27] Kementerian Energi dan Sumber Daya Mineral, Keputusan Menteri Energi dan Sumberdaya 
Mineral Republik Indonesia No. 1827 Tentang Pedoman Pelaksanaan Kaidah Teknik 
Pertambangan Yang Baik. Jakarta, 2018. 

[28] F. Bahfie, A. Manaf, W. Astuti, F. Nurjaman, and E. Prasetyo, “Studies of carbon percentage 
variation and mixing Saprolite-Limonite in selective reduction,” Mater. Today Proc., vol. 62, pp. 
4156–4160, 2022, doi: 10.1016/j.matpr.2022.04.679. 

[29] D. Airey, A. Suchowerska, and D. Williams, “Limonite – a weathered residual soil heterogeneous 
at all scales,” Géotechnique Lett., vol. 2, no. 3, pp. 119–122, Sep. 2012, doi: 
10.1680/geolett.12.00026. 

[30] E. Elkamhawy, B. Zhou, and H. Wang, “Experimental investigation of both the disturbed and 
undisturbed granitic saprolite soil,” Environ. Earth Sci., vol. 79, no. 11, p. 276, Jun. 2020, doi: 
10.1007/s12665-020-09026-y. 

[31] H. He, X. Lv, and J. Wang, “Characteristics Evaluation and High Effective Utilization of Limonite 
Ores in Sintering Process,” Mining, Metall. Explor., vol. 38, no. 5, pp. 2271–2283, Oct. 2021, doi: 
10.1007/s42461-021-00481-0. 

 
 


