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Back-Analysis of the Geotechnical  
Stability of High Waste Rock Piles  

Zahra Jalalichi, Research Institute on Mines and Environment (RIME), Polytechnique Montréal, Quebec, Canada 

Carlos Ovalle, Research Institute on Mines and Environment (RIME), Polytechnique Montréal, Quebec, Canada 

Serge Ouellet, Canadian Malartic Mine, Agnico Eagle Mines, Québec, Canada 

Abstract 

Managing mine waste rock (WR) presents significant challenges due to its environmental impact and 

stability concerns. Typically, WRs are disposed of in piles using methods tailored to project specifications. 

The present paper is based on a large waste rock pile (WRP) built during the open-pit backfilling operation 

at the Canadian Malartic Mine. Backfilling is a cost-effective disposal method that minimizes the 

environmental impacts of mining operations. However, it often results in the formation of high WRPs that 

are prone to geotechnical instability during dumping and construction. Stability analyses of these structures 

often do not follow conventional geotechnical practices, since WR generated through blasting consists of 

coarse, angular grains, easily exceeding one metre in diameter, leading to considerable heterogeneity and 

variability in geotechnical properties within the piles. This adds significant uncertainty to conventional 

testing methods, resulting in potentially unreliable safety assessments. This paper examines the 

geotechnical stability of a high WRP using a multifaceted approach aimed at reducing these uncertainties. 

The method incorporates Finite Element modelling using the Hardening Soil constitutive model, with 

parameters calibrated after various triaxial laboratory tests, and considers the actual geometric configuration 

and construction sequence of the pile. The results have been validated through deformation monitoring data 

collected throughout all construction stages, to ensure short-term stability of the pile during truck dumping 

operations. Numerical modelling using 2D and 3D approaches revealed that, while shear strength was 

realistically captured, deformations were significantly overestimated due to limitations in laboratory-

derived stiffness parameters. Back-analysis using recalibrated stiffness moduli improved alignment with 

field monitoring, suggesting current design guidelines may be conservative for WRPs in hard rock mines. 

Introduction  

The stability of waste rock piles (WRPs) can be a critical concern in mining operations, depending on 

project specifications, site conditions, dumping methods, and the type of mine (Aubertin et al., 2002; Cho 
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& Song, 2014). Stability analyses typically follow established guidelines and standards, often relying on 

Safety Factor (SF) assessments using the Limit Equilibrium (LE) method (Aubertin et al., 2013; Hawley & 

Cunning, 2017; Maknoon & Aubertin, 2021). As global mine production increases and sustainable 

alternatives gain popularity, practices like open-pit backfilling are becoming more appealing (Ouellet et al., 

2021). However, these methods often result in the formation of very high piles at the angle of repose of the 

WR material, where stability risks become more significant, and safe operation of haul trucks must be 

carefully ensured during dumping. 

A major challenge in evaluating WRP’s stability is the heterogeneous nature of the waste rock (WR) 

material, which comes from a mix of lithologies across the mine. This leads to wide variations in mineral 

composition and particle size, with coarse, loosely dumped, and segregated material that complicates 

geotechnical assessments. Over time, physical and chemical weathering, along with particle crushing under 

stress, might alter the mechanical behaviour of the material (Bard et al., 2011; Osses et al., 2024). 

Numerous failures of WRPs have shown the need for careful design, operation, and monitoring (Cho 

& Song, 2014; Hoy et al., 2024; Kasmer et al., 2006; Richards et al., 1981; Wang & Griffiths, 2019). For 

example, British Columbia developed specific WRP construction guidelines after repeated failures in coal 

mines (BCMWRPRC, 1991; Hawley & Cunning, 2017), where conditions often lead to more frequent and 

severe issues than in hard rock mines. While numerous studies highlight the complex interplay of 

geotechnical properties, hydrological conditions, and foundation characteristics in WRP stability (Hoy et 

al., 2024; Kasmer et al., 2006; Steiakakis et al., 2009; Ulusay et al., 1995), the mechanical behaviour of 

WRPs in hard rock mines is not often monitored to validate model predictions and actual performance.  

This study aims to assess the mechanical stability of a high WRP backfilled in the pit of the Canadian 

Malartic Mine, through the development of multiple real-geometry numerical models using Plaxis 2D and 

3D. The Hardening Soil constitutive model is used to capture the mechanical behaviour of the WR material, 

through calibration with different sets of laboratory data. To refine the geomechanical parameters, such as 

stiffness, shear strength, and non-linearity, an iterative back-analysis approach is applied, integrating 

monitored displacement data to enhance predictive accuracy. 

Project Description 

The Canadian Malartic Mine is the largest open-pit gold mine in Canada, located in Malartic, 25 kilometres 

west of Val-d’Or, Quebec. The site includes the Malartic pit, which ran from 2011 to May 2023, and the 

Barnat pit, which has been in operation since 2019. Adjacent to these two pits, there is also the Odyssey 

underground mine. Barnat and Odyssey are projected to generate around 168 million tons of WR and 108 

million tons of tailings over their lifespan. Waste production rates in 2024 were about 133 ktpd and 54 ktpd 

of waste rock and tailings, respectively. To mitigate the environmental impact associated with expanding 
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the tailings and WR storage facilities from these two mines, a creative approach has been implemented to 

repurpose the Malartic pit. This strategy involves the deposition of both WR and tailings in the Malartic 

pit, with a Central Berm (CB) serving as a separation barrier between the two materials. As shown in Figure 

1, the CB divides the pit into two sections, separating the WR and tailings deposition areas. In the initial 

stage of the project, from October 2023 to July 2024, the CB was constructed using WR, reaching a height 

of over 160 metres at its deepest section (see Fig. 2). 

Figure 1: Project advancement up to October 2024; top view and cross-section

Figure 2: Construction advancement of the CB starting 
from October 2023 (left) until July 2024 (right)
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After completion of the CB, the east side is being filled with WR, forming a 210-metre-high WRP 

that advances to reach the CB on its west side, while tailings are deposited on the west side of the CB 

(Behlke et al., 2025). Note that this study focuses only on the stability of the CB during its construction 

phase, prior to the start of tailings deposition.

Numerical Modelling

Geometry and Construction Stages

The mechanical behaviour of the CB pile has been modelled using the Finite Element (FE) software Plaxis 

3D V.22. This modelling has been conducted to assess the SF of the CB at different stages, as well as 

deformations, to compare the results with in-situ settlement data obtained from monitoring. For this study, 

the model will incorporate the actual pile geometry obtained through aerial drone scanning. The geometry 

was then reproduced in AutoCAD to generate the mesh of the FE model for import into Plaxis. The 

construction of the pile follows the daily mine production schedule, leading to progressive advancement of 

the pile crest. This was modelled considering the pile as sequential 10 m thickness layers to represent the 

actual construction nature; the deformation of the pile and its SF are computed layer by layer.

Figure 3: Final model geometry

To compare the results of the 3D model with plane-strain behaviour, a cross-section of the pile (Fig.

4) was modelled in a 2D approach, as commonly adopted in slope stability analyses (García-Torres et al., 

2024; Majdanishabestari et al., 2024; Stark & Eid, 1998).

Material Properties

Consolidated drained triaxial compression tests were performed on different WR material sets from the 

Canadian Malartic Mine: CM and Sed1 (see grading in Fig. 5). Tests were carried out on relatively large 

cylindrical specimens with a diameter of 300 mm and a height of 600 mm. Loose dry specimens were 

prepared without compaction by pouring the material in 10 layers of homogeneous composition with a 

Cross-section axis 
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range of confining pressures = 0.1 0.5 MPa. Since the specimens were dry, volumetric strains were 

determined by monitoring water volume changes in the confinement cell. Table 1 summarizes the material 

and specimens’ properties. More specific details about the testing methodology can be found in 

Girumugisha et al. (2024).

Figure 4: 2D model (1-metre slice from the middle of the 3D model)
showing the variation of the pile height during different construction stages

Table 1: Triaxial Tests Configuration and Material 
Properties Adopted for CM and Sed2 Materials

Material
Initial Void 

Ratio UCS
Specific 
Gravity

Maximum 
Grain Size

Confining

Pressure Reference

ei (MPa) Gs dmax (mm) (MPa)

CM 0.68 120 2.7 50 0.1-0.5 (Polytechnique Montreal, 2021)

Sed2 0.43 128 2.75 12.5 0.15-0.21 (Girumugisha et al., 2024)

Figure 5: PSD of the material before triaxial testing
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The results of the triaxial tests are presented in Figures 6 and 7 (where = is the deviatoric 

stress). CM material exhibits fully contractive behaviour, while minor dilation was observed in Sed2. 

Additional parameters are discussed in the following section.

Figure 6: Calibration (solid lines) against triaxial test
results (points) for WR materials: deviatoric stress vs. axial strain 

Figure 7: Calibration (solid lines) against triaxial test
results (points) for WR materials: volumetric strain vs. axial strain

Hardening Soil (HS) Constitutive Model Calibration

According to previous studies (Majdanishabestari, 2023; Pramthawee et al., 2011; Schanz et al., 1999b; 

Soroush & Aghaei Araei, 2006), ingthe behaviour of rockfill materials. The 

HS model is based on a hyperbolic stress–strain relationship originally proposed by Duncan and Chang 

(1970) to describe soil behaviour under primary loading at drained triaxial conditions. This formulation 

was later adopted and extended in the HS model by Schanz et al. (1999) to capture more complex, stress-

dependent stiffness characteristics. The hyperbolic stress-strain relation is given by:
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=
1

2 1
 (1)  

where  is the strain in the major principal direction, is the asymptotic value of the deviatoric strength 

and  is defined as the secant modulus corresponding to 50% of the peak deviatoric stress, given by 

 =  0.5  / , where  is the axial strain mobilized at 0.5 . The stiffness parameters are 

stress-dependent and controlled by different moduli as: 

 =
cos sin

cos + sin
 (2) 

where  is a material constant,  is categorized into three moduli ,  and  (each defined for a 

different loading path),  is a reference modulus at a reference stress level  (100 kPa in this study), 

 is cohesion and  is the internal effective friction angle.  has been set to 0.45, representing a typical 

value for rockfill materials as suggested by previous research studies (Cho & Song, 2014; Pramthawee et 

al., 2011; Soroush & Aghaei Araei, 2006; Sukkarak et al., 2021). Oedometric compression modulus , 

which governs the volumetric stress–strain response, and , the unloading modulus, are often assumed 

due to limited data available. The approach proposed by Sukkarak et al. (2021) has been adopted for , 

by approximating its value , calibrated based on the volumetric strain 

response observed in triaxial test results. was set to the default assumption commonly adopted in the 

literature: = 3  (Honkanadavar & Sharma, 2016; Pramthawee et al., 2011; Schanz et al., 1999a; 

Sukkarak et al., 2021; Xu & Song, 2009). 

The strength parameters  and  were derived from the triaxial test results at peak deviatoric stress, 

according to the Mohr-Coulomb criterion for cohesionless material. For granular materials such as sand, 

gravel, and rockfill, c is typically assumed to be negligible. However,  =  3 kPa was adopted in this study 

to prevent numerical instabilities in the FE model. The dilatancy angle  defines the volumetric response, 

with positive values for dilatancy and negative ones for contractancy. Table 2 presents the calibrated 

parameters for the different materials utilized. Figures 6 and 7 illustrate the comparison between the HS 

calibrated results and the laboratory triaxial test data. 

Table 2: Calibrated Mechanical Parameters Used in the Model 

Material     c 

 (MPa) (MPa) (MPa) (°) (°) (kPa) 

CM 7.3 6.7 23 45 0 3 

Sed2 8.3 8.7 25 41 8 3 
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Monitoring 

Due to the numerous uncertainties in the stability analysis of WRPs, SF alone may not provide a reliable 

measure of stability. In addition, site conditions can sometimes prevent achieving the recommended SFs 

outlined in existing guidelines. Alternatively, regular field monitoring enhances stability assessments by 

identifying potential instability triggers before failure occurs. Additionally, monitoring is used to validate 

numerical modelling results during and after construction, ensuring greater accuracy. These data also play 

a crucial role in recalibrating the mechanical parameters of WR materials based on their in-situ behaviour, 

addressing challenges such as heterogeneity and segregation within the pile, which are difficult to model 

precisely. 

The monitoring system for the CB employed two Trimble S9/S9 HP total stations, paired with two 

Trimble 360 prisms. The system provided real-time coordinate measurements, enabling precise 

deformation tracking at installed locations. Additionally, aerial drone imaging was conducted regularly to 

analyze large-scale operational behaviour. Surveyors recorded prism coordinates every half hour, with each 

monitoring period defined by fixed prism positions. Only the height (z) changed significantly during each 

period, reflecting pile settlements. Total z-displacements were calculated as the difference between 

maximum and minimum heights of the measured period of 24 hours, then converted to daily settlement 

rates to align with guideline comparisons.  

Results and Discussion 

Deformations and SF of the pile with varying dumping heights were calculated using both 2D and 3D 

models, considering the two different material sets (CM and Sed2). In practice, the SF for global slope 

stability of a WRP should be at least 1.3 in the short term (i.e., during mining operations), while an SF 

greater than 1.5 is recommended for ensuring long-term stability (Aubertin et al., 2002; Maknoon & 

Aubertin, 2021; MERN, 2016).  

As shown in Figure 8, the SFs with CM material are 1.24 and 1.35 for 2D and 3D models, respectively, 

and 1.20 and 1.23 for Sed1. Thanks to the mobilization of dragged lateral strength on 3D convex failures, 

2D models yield slightly lower SF values than the 3D models, which is consistent with established slope 

stability studies (Griffiths & Marquez, 2007; Wu et al., 2024). Higher SFs with CM are due to its greater 

shear strength, while the SF of Sed2 material remains below the minimum of 1.3. This illustrates that 

numerous factors can affect the SF, while they do not necessarily elucidate the stability condition. Thus, 

relying on a given SF value seems to be insufficient to ensure stability. 
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Figure 8: SF values for CM and Sed2 materials obtained by 2D and 3D methods

Figure 9 presents the settlements monitored between October 2023 and July 2024, where the orange 

line shows the average values,and the bars stand for maximum and minimum settlements. It is worth noting 

that most of the settlements occurred within the first 24 hours after WR deposition, followed by only minor 

creep strains. Thus, it is assumed that the FE model is comparable with the settlements during the first 24 

hours, neglecting time-dependent deformation afterwards. Creep deformations were indeed observed in the 

following weeks, but the magnitudes of the delayed settlements were always more than one order of 

magnitude smaller than the 24-hour settlements.

According to the Waste Hazard Classification system (WHC) proposed by Hawley and Cunning 

(2017), the current case study is classified as WHC II (Low Hazard), and settlements should be less than 

0.72 m/day to ensure stability during operation. As shown in Figure 9, in-situ deformations generally 

remained below this limit, with some readings exceeding the operational threshold, although visible signs 

of instability did not accompany these exceedances. This underscores that existing guidelines may be 

conservative, particularly in the context of hard rock mines.

Comparing modelling approaches, 3D models predicted higher deformations than 2D models (around

10% on average). This difference is due to a key limitation of 2D modelling that assumes infinite model 

extension in one direction, which is not realistic for the actual pile’s width of less than 70 m. Since the 

geometry of the pile is one of the most sensitive factors on its stability (Maknoon & Aubertin, 2021), real 

3D geometry can better capture the deformation behaviour, as supported by previous studies (Griffiths & 

Marquez, 2007; Wu et al., 2024). The predicted deformations using the CM material are approximately

50% larger than those calculated with Sed2, primarily due to differences in stiffness moduli and the more 

contractive behaviour exhibited by CM (Fig. 9).
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Figure 9: Deformation data calculated by FE models and monitored values at CM mine

Despite differences in materials and modelling approaches, deformations are significantly 

overestimated by the FE numerical simulations, by around 3.5 and 1.5 times more with the materials CM 

and Sed2, respectively. This highlights a notable gap between laboratory-derived and in-situ deformation 

moduli. Even with varied testing techniques and particle sizes, the stiffness values from laboratory tests 

often fall short compared with field conditions. This discrepancy may stem from scale effects (Ovalle et 

al., 2014; Ovalle et al., 2020; Girumugisha et al., 2025), as well as unaccounted factors like particle 

crushing, material heterogeneity, and segregation within the pile. However, given that no sliding surfaces 

or instabilities were observed during construction, the calculated SFs appear to be reasonable. This supports 

the idea that shear strength values derived from triaxial testing are realistic (Girumugisha et al., 2024).  

Back-Analysis 

The gap between monitoring data and modelling results can be revisited using back-analysis techniques. 

This includes estimating values for material properties that represent the in-situ behaviour of the pile as the 

most reliable hands-on data. To do so, a series of CM material properties with incrementally increasing 

stiffness moduli was used in the calculations and compared with the monitoring results. The methodology 

involved incrementally increasing values of  (assuming =  ), while the rest of the parameters 
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remain realistic (Girumugisha et al., 2024). model results of the recalibrated material with incrementally 

increasing  values. The results illustrate that of 24 MPa is needed to capture the envelope of 

maximum settlements observed in the field. While the clear correlation between material stiffness and 

predicted deformations can be captured from the results, the SF values changed negligibly during the 

recalibration process (Fig. 11). The resulting recalibrated values are summarized in Table 3. 

Table 3: Recalibrated Mechanical Parameters of CM Material Used in Back-Analyses 

Material     c 

 (MPa) (MPa) (MPa) (°) (°) (kPa) 

CM 7.3 6.7 23 45 0 3 

Recalib1 12 12 36 45 0 3 

Recalib2 16 16 48 45 0 3 

Recalib3 20 20 60 45 0 3 

Recalib4 24 24 72 45 0 3 

Figure 10: Field monitoring values compared with deformation 
calculated considering recalibrated material properties 
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Figure 11: SF values calculated during the recalibration process 

Conclusion 

This study examined the geotechnical stability of a high WRP backfilled in an open-pit mine, using both 

2D and 3D numerical modelling with different WR materials datasets. The predicted deformations were 

significantly overestimated, highlighting a persistent gap between laboratory-derived stiffness moduli and 

actual field behaviour, likely due to scale effects given by grading and material heterogeneity. A back-

analysis approach was adopted by adjusting stiffness parameters to better match monitoring data. The 

recalibrated models successfully captured the observed maximum deformations, reinforcing the importance 

of in-situ monitoring to ensure stability and assess the limitations of numerical modelling. Given the 

absence of any instability signs during construction, even when monitored displacements exceeded standard 

thresholds, existing stability guidelines may be conservative for WRPs in hard rock mines, pointing to the 

need for revised design frameworks tailored to such conditions. 
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