
1 INTRODUCTION 

The construction of heap leach pad facilities and associated structures involves 
extensive earthworks, foundation preparation and removal of large quantities of 
topsoil and material deemed unsuitable for foundation (soft, saturated, compressible 
soil), and placing them in engineered stockpiles.  These engineered stockpiles 
generally consist of a retaining embankment (typically of a homogeneous compacted 
fill); underdrain system beneath the embankment and stockpiled mass, and are 
constructed in lifts of variable thickness depending on the response to construction 
equipment traffic.  Due to steep topography limiting available area for stockpile 
construction, steeper stockpile slopes are significantly more cost effective. At the 
Minera Yanacocha mine, a majority owned and operated Newmont Mining Company 
property near Cajamarca, Perú, by 2006 after 13 years of continuous leach pad 
construction and expansion, 33 topsoil and unsuitable stockpiles had been 
constructed, totaling approximately 17.4 million cubic meters. 
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stability analyses. The analysis provided an improved understanding of geotechnical 
parameters in existing stockpiles, allowing for improved design of future stockpiles 
and risk mitigation for existing permanent stockpiles. The main benefit of this study 
is that stockpile slope stability risks were better quantified, allowing for optimization 
of stockpile storage and subsequent stockpile designs, translating to lower 
construction costs. 
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Topsoil and unsuitable soils show variable characteristics but are typically soft, 
saturated and compressible, often high in organic content. Initially laboratory testing 
was used to try to determine stockpile design parameters. After extensive laboratory 
testing it was evident that laboratory testing was inadequate to properly characterize 
these soils.  Some laboratory testing results were difficult to validate since portions 
of the tests did not strictly adhere to ASTM standard test procedures due to material 
handling issues related to their saturated nature and the high organic content, 
producing erratic strength profiles. Therefore, it was decided that a site investigation 
program using CPTU equipment would be more appropriate to obtain representative 
in-situ data for determining geotechnical parameters. 

The objective of this paper is to convey our understanding of the stockpiled soils’ 
characteristics and how we used this information to determine more realistic material 
strength profiles, estimate stockpile slope stability and improve stockpile designs. In 
the first part of this paper, previous work on these stockpiled soils is presented. In the 
second part, CPTU investigation methods and stockpile performance are described. 
Finally, risk mitigation methods for existing and future stockpiles are discussed. 

2 PREVIOUS WORK  

Laboratory testing of samples to obtain geotechnical parameters were performed 
between January 1998 and January 2001. 
− Between 1998 and 2001, ten consolidated undrained triaxial (CU) tests were 

conducted on remolded samples of topsoil material. 
− In September 2000, two CU tests were conducted on remolded samples of 

unsuitable material. 
− A back analysis was conducted on a small scale failure within an existing 

unsuitable stockpile. The internal friction angle was estimated to be between 6º 
and 10º degrees. 

 
In some of the laboratory tests, it was not feasible to test the samples at moisture 

contents higher than 30%, and some of them could not be validated since the testing 
did not strictly follow the ASTM testing standards. Based on this previous work, 
average geotechnical parameters were established as shown in Table 1.  
 
Table 1. Average geotechnical parameters for topsoil & unsuitable materials (laboratory derived) 
Material 
 

Moisture 
Content (%) 

Stress 
Conditions

Unit Weight 
(KN/m3)

Cohesion 
(KPa)

Phi (º) Plasticity 
Index 

Topsoil 
 

45 
45 

Total 
Effective

16.0
16.0

20
0

20º
40º

21 
21 

Unsuitable 15 Total 16.5 0 22º 18 
15 Effective 16.5 0 37º 18 
30 Total 18.1 0 21º 18 
30 Effective 18.1 0 38º 18 

 
 
Based on the variability of the laboratory data and their inconsistency with the back 
analysis, it was concluded that a more robust method for estimating in-situ 
geotechnical parameters was required.  
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3 CPTU SITE INVESTIGATION 

CPTU probing was carried out at 139 locations within 17 different stockpile areas.  
Stockpile locations were selected according to their risk profile.  The majority of the 
CPTU data was generated within the top 10 m (data recorded on 0.3m intervals); 
however, the CPTU probing did extend in some cases up to 20 m in depth.  The 
probing included 7 Seismic Cone Penetration Tests with pore pressure measurement 
(SCPTU) at select locations to record shear wave velocity for use in liquefaction 
analyses.  In addition, 87 pore pressure dissipation tests were conducted to assist with 
determining phreatic surface levels and in-situ permeability.  To facilitate access due 
to poor ground conditions, the CPTU equipment was mounted on a D8 bulldozer.      

The SCPTU soundings provided an indication of the density and stiffness of the 
soil and were used as input parameters for dynamic response analyses.  Shear wave 
velocities recorded (at 1 m intervals) in the topsoil material generally ranged between 
50 m/sec and 196 m/sec.  In the unsuitable material they varied from 99 m/sec and 
413 m/sec. At various locations, static pore water pressure conditions were recorded 
by suspending cone advancement at selected depths and allowing the dynamic pore 
pressures to dissipate until equilibrium conditions were achieved. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. CPTU equipment mounted on a D8 bulldozer. 

4 CPTU DATA EVALUATION 
4.1 General 
The CPTU equipment recorded three principal cone parameters which included: 
a) Cone resistance, qc (Bars), 
b) Sleeve friction, fs (Bars), and 
c) Pore pressure, u2 (m). 

 
Once the data were obtained, they were then reviewed and processed, generating 

standard CPTU plots which included graphical plots of tip pressure, sleeve friction, 
friction ratio and pore pressure with depth. From these data, the stockpile material 
geotechnical parameters such as permeability, cohesion and friction angle were 
estimated using the appropriate analytical functions that have been developed for 
CPT data. Figure 2 shows an example of some typical CPTU plots. 

  2nd International Symposium on Cone Penetration Testing, Huntington Beach, CA, USA, May 2010



 
 

 
Figure 2. Typical CPTU plots. 

4.2 Interpretation of geotechnical parameters  
Since the stockpiled materials were generally fine grained (cohesive), saturated and 
with a high organic content, it was decided that the materials’ undrained shear 
strength (Su) was more suitable for the strength modeling for this study.  Su was 
estimated from the data using the following correlation: 
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q
S
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where: Su = undrained shear strength (kPa), qt = total cone resistance (kPa), σv = total 
vertical overburden stress (kPa), and Nkt = cone factor. An Nkt value of 20 was used 
based on a back analysis for a post topsoil stockpile failure.  

Based on the pore pressure dissipation test results, the average t50 (measured time 
for 50% dissipation) for topsoil and unsuitable material was 3.2 and 6.7 minutes, 
respectively.  Therefore, using the chart proposed by Robertson et al. (1992), the 
estimated average horizontal permeability for topsoil and unsuitable materials are 
both on the order of 1.0x10-6 cm/sec, which is considered low permeability.   

4.3 Geotechnical data assessment and statistical analysis 
Prior to statistical analysis, a filtering process was applied to remove any potentially 
erroneous (outlier) data. Statistical analysis involved fitting a curve to the data 
distribution over discreet 1 m intervals. In general, more than one distribution curve 
was observed to fit the compiled data. The final distribution curve selected for the 
specific data interval was selected using the best fit criteria proposed by 
Kolmogorov-Smirnov (1933) and Anderson-Darling (1952). In most cases the 
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Wakeby distribution showed the best fit, however the Log Normal (3P) distribution 
was better in some cases.  Shear strengths were assigned on the basis of a 95% 
confidence limit.  In cases where the 95% confidence limit was less than the 
minimum value, the minimum value was adopted. 

4.4 Estimation of shear strength profiles 
Shear strength profiles for both materials, were estimated as follows:  

a) Minimum and 95% confidence limit shear strengths were plotted at 1 m 
intervals, 

b) the profiles were divided into general strength groupings by depth, and 
c) a linear regression analysis was applied. This involved transforming the non-

linear strength profile into various linear segments; a subjective task involving 
engineering judgment.  

 
Examples of typical stockpile strength profiles are shown on Figures 3 & 4. In 

general, the non-linear strength profiles showed a general trend of decreasing 
strength from the surface down to 2 m and thereafter gradually increasing with depth, 
which would be expected due to consolidation at depth. 

4.5 Phreatic surface 
The phreatic surfaces were estimated from the CPTU pore pressure data.  The 

pore pressure readings indicate that the phreatic surface is elevated and close to the 
ground surface.  These results were corroborated by piezometer readings, which 
indicated water levels within the top 2 meters of the stockpiles.  

 
Figure 3. Shear strength (Su) profile, based on 
linear regression for topsoil stockpiles. 

Figure 4. Shear strength (Su) profile, based on 
linear regression for unsuitable stockpiles
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5 STOCKPILE STABILITY ASSESSMENT  
5.1 General  

To assess the stability of existing stockpiles, limit equilibrium slope stability 
analyses and potential liquefaction assessments were conducted.  The scope of the 
stability analyses was to estimate the optimum stockpile slope for both topsoil and 
unsuitable stockpiles, using material properties obtained from the analysis, the 
objective to meet a minimum static factor of safety (1.3 for this kind of structures).  

5.2 General static stability 
The analysis does not take into account the stockpile foundation conditions or the 
presence of containment berms, since the objective was to establish a general critical 
slope for the topsoil and unsuitable material stockpiles. The results are presented in 
Table 2. 

Furthermore, those critical slopes were compared with the existing stockpiles. 
Where the actual slope of an existing stockpile was steeper than the critical slope, the 
stockpile was identified as one that may develop instability, and where follow up 
work such as field inspections or intrusive investigations was warranted.   

Detailed analysis of individual stockpiles would warrant consideration of the 
specifics of existing ground conditions, topography and stockpile specific material 
characteristics. Site specific detailed analyses occurred outside of the scope of this 
paper.  
 
Table 2. Stockpile slope stability summary 
Stockpile Material Stockpile Slope Factor of Safety
Topsoil 5.5H:1V 1.1
  6H:1V 1.2
  6.5H:1V 1.3
Unsuitable 5.5H:1V 1.2
  6H:1V 1.4
  6.5H:1V 1.6
Critical slopes for the topsoil and unsuitable material stockpiles were approximately 6.5H:1V and 
6.0H:1V respectively.   

5.3 Potential Liquefaction Assessment 
Due to that the scope of this paper is not a detailed potential liquefaction analysis; 

numerous factors not accounted for in this analysis may influence the potential for a 
soil to liquefy.  However, as first step of a screening process and to identify those 
materials requiring more detailed liquefaction analysis, shear wave velocities were 
used from various seismic cone penetrations testing with pore pressure measurement 
(SCPTU) tests.  Then, the evaluation of cyclic liquefaction potential using the CPT 
portion of the field data was used in the software LQCPTV2 developed by ConeTec 
to calculate the factor of safety between the cyclic resistance ratio (CRR) and the 
cyclic stress ratio (CSR) values interpreted from the site specific CPT data and the 
design earthquake and maximum horizontal accelerations (7.5 magnitude and 0.13g 
bedrock horizontal acceleration).   

This software is based on the procedures developed by Robertson and Wride 
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(1998) and Robertson and Wride (1998a), which have a few subtle differences 
between the liquefaction potential techniques recommended in the 1998 final report 
from the 1996 NCEER and 1998 NCEER/NSF Workshops (Youd et al, 2001). 
Figure 5 shows an example of graphical plots of the CRR, CSR and factors of safety 
(FS) against liquefaction. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Typical plots obtained for estimating potential liquefaction for a topsoil material. 
 
As it is presented in Figure 5, the CRR value for this site specific borehole varies 
between 0.09 y 0.46, and the CSR varies between 0.08 and 0.12. Even though, at 
some depths the factor of safety is below unity and liquefaction could be considered 
possible; it is important to point out that liquefaction may not necessarily occur 
considering the temporary nature of the structures and current reclamation activity on 
the mine site; thereby, further analyses were deemed unnecessary at the time of the 
study.   

6 CONCLUSIONS 

The main conclusions from the field investigation and analysis are listed below: 
− The stockpiled topsoil and unsuitable materials have low strength and low 

permeability, and are mostly saturated with phreatic surfaces just below ground 
surface.   

− Stockpile development practices such as constructing during the dry season (due 
to better soil strengths), material placement from the bottom up, compaction and 
grading of each lift, stockpile rising over large areas instead of small areas, and 
separation of saturated and non-saturated materials have generally helped 
improve relative densities and stockpile stability. 

− Preliminary CPTU investigations and analysis recommended the following 
stockpile slopes be adopted to safely store excavation soil materials encountered 
during leach pad construction: topsoil stockpile slope of 6.5H:1V and unsuitable 
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stockpile slope of 6.0H:1V.  In general these slope recommendations have been 
implemented by Minera Yanacocha and recent good stockpile performance has 
demonstrated their adequacy.  

− Based on the information developed in this study, Yanacocha was able to 
optimize the design of their stockpiles.  Where existing stockpile slopes were 
steeper than recommended, monitoring programs and modifications (e.g. 
flattening slopes, improving grading on flat surfaces, improving drainage, etc.) 
were implemented to reduce risk.  Knowledge gained from this study and 
subsequent investigations has allowed design engineers to optimize stockpile 
designs, yielding lower cost per volume stored while maintaining an acceptable 
margin of safety.  
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