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V.T. McLemore, A. Fakhimi) 
 
1. STATEMENT OF THE PROBLEM 
What are the values of the cohesion intercept (c) parameter and the angle of internal 
friction (φ) for selected rock pile and other broken rock samples obtained from the Questa 
site? The results of these laboratory tests can also provide some insight in the effects of 
weathering. 
 
2. PREVIOUS WORK 
Gutierrez (2006) performed laboratory direct shear tests on the Goathill North (GHN) 
rock pile material from the Questa mine. The shear tests were conducted on the air dried 
samples passing sieve No. 6, using 2-inch and 4-inch shear boxes. A displacement rate of 
8.5×10-3 mm/sec (0.02 in/min) and a normal stress varying from 159 to 800 kPa were 
used for the tests. Gutierrez (2006) reported a large displacement friction angle (φr) 
ranging from 37º to 41º and a peak internal friction angle (φ) ranging from 40º to 47º.  

URS Corporation (2003) reports the results of a number of shear tests on Questa 
rock piles material, using 12-inch square and 2.4-inch diameter shear boxes that were 
conducted by AMEC geotechnical laboratory and Advanced Terra Testing in Arizona 
and Colorado, respectively. Note that these tests and results are described in detail in 
DRA44. The tests were performed under different normal stresses ranging from 119.7 to 
478.8 kPa (2.5 to 10 ksf) and 98.6 to 526.7 kPa (2.06 to 11 ksf) for 12-inch and 2.4-inch 
samples, respectively. The test specimens contained minus 1.5 inch material for the 12-
inch box and minus No. 4 sieve material for the 2.4-inch diameter box. The materials for 
12-inch samples were prepared under dry densities ranging from 1522 to 1682 kg/m3 (95 
to 105 pcf) at water content ranging from 8 to 12%. The 2.4-inch samples had dry 
densities of 1522 to 1890 kg/m3 (95 to 118 pcf) and water content of 10 to 14%. All tests 
were performed under saturated conditions. The friction angle and cohesion for 12-inch 
shear box ranged from 26° to 59o and 0 to 111 kPa, respectively. For the 2.4-inch shear 
box, the friction angle and cohesion ranged from 30° to 41o and 0 to 34 kPa, respectively. 
Based on the above shear test results, URS Corporation (2003) concluded that as larger 
particles are allowed to be present in the shear box, higher shear strengths are obtained; 
i.e. scalping of the Questa rock pile material causes reduction in the measured shear 
strengths.  

Table 1 summarizes the various factors affecting the friction angle of granular 
materials (Holtz and Kovacs, 1981). As discussed earlier, the friction angle for a loose 
sample is lower than that for a dense specimen. Increasing angularity corresponds to an 
increase in the friction angle, all other factors being constant. If two soils have the same 
relative density (not the same void ratio, necessarily), the well graded soil would exhibit a 
larger friction angle. Although difficult to measure, an increase in surface roughness of 
the material results in an increase in the friction angle. Likewise, wet soils have a 1o to 2o 
lower φ′ compared to dry sands. The effect of over-consolidation on φ′ is negligible. 
Appendix A provides further literature based information on the shear strength of 
granular materials. 
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TABLE 1. Summary of factors affecting the friction angle of granular materials (Holtz 
and Kovacs, 1981, p. 517). 
 

Factor Effect 

Void ratio (e) e ↑, φ′ ↓ 
Angularity (A) A ↑, φ′ ↑ 
Grain size distribution Cu ↑, φ′ ↑ 
Surface roughness, (R) R ↑, φ′ ↑ 
Water (W) W ↑, φ′ ↓ (slightly) 
Particle size (S) No effect at constant e  
Over-consolidation or pre-stress Negligible effect 

 
3. TECHNICAL APPROACH 
The main objective of the laboratory test program was to characterize the rock-pile 
materials. Figure 1 provides an overview of the laboratory testing program. Geotechnical 
index properties (specific gravity, grain size distribution, and consistency limits), 
saturated hydraulic conductivity, soil water characteristic curve, and shear strength 
parameters were determined. The shear strength was determined by conducting the direct 
shear tests: (i) for peak shear; and (ii) peak and residual shear. This DRA focuses on the 
direct shear testing and the reader is referred to Azam and Wilson (2006) for further test 
results. 
 

 
 

FIGURE 1. Overview of the laboratory testing program. 
 

Figure 2 provides a summary of the direct shear tests for which both the peak and 
the residual shear strength was determined. The tests were conducted using three types of 
samples: (i) Goathill North (GHN KMD) samples were collected from the trenches dug 
in the top and the base of the GHN rock pile; (ii) Pit (PIT) samples were obtained from 
various locations within the open pit; (iii) GHN Shear Zone (GHN LFG) were collected 
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from the toe of the slope and (iv) Straight Creek Scar (SCS) samples were collected off 
the mine site from an alteration scar. The GHN LFG samples were tested at Thurber 
Engineer Company Limited, Canada whereas the rest of the samples were tested at the 
University of British Columbia. 

McLemore and Dickens (2008) provide a detailed characterization of the 
petrography, mineralogy and chemistry of the samples tested at UBC. This report also 
provides a detailed description of the sampling and testing program. DRA-0 describes the 
sample collection and preparation and DRA-1 describes the characterization of the 
samples. 

 
 

FIGURE 2. Summary of direct shear tests (peak and residual).  
 

Figure 3 shows the direct shear testing setup including the shear box (100 mm x 
100 mm x 45 mm), displacement dials, and the loading frame. The tests were performed 
under saturated conditions and test data were collected using an automated data 
acquisition system. The tests were conducted according to the ASTM Standard Test 
Method for Direct Shear Test of Soils under Consolidated Drained Conditions (D3080-
98) and the Standard Operation Procedure 50. A multi-stage procedure with normal loads 
of 60, 120, 250 and 500 kPa was adopted. This method allowed the determination of 
several shear strength values from one test specimen thereby reducing data scatter 
associated with variability among different samples.  

To minimize the effect of shear box size on the specimen, material finer than 4.75 
mm (ASTM Sieve No. 4) was used. The material was placed in the shear box in three 
lifts and compacted to reach a final thickness of 26 mm to 29 mm (corresponding to an 
initial dry density of about 1.7 g/cm3). Two porous stones were placed at the top and 
bottom of the sample to ensure free drainage. A seating vertical stress of 10 kPa was 
applied to the specimen and the shear box was immediately filled with distilled water. To 
ensure zero suction, the samples were allowed to saturate overnight.  

The test was conducted by first determining the peak shear at four normal stresses 
of 60 kPa, 120 kPa, 250 kPa, and 500 kPa. The initial 60 kPa normal stress was applied 
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and deformations (vertical and horizontal) were measured at 15 second time intervals. 
After the completion of primary consolidation, the coefficient of consolidation was 
calculated and used to determine the strain rate (found to range from 0.05 mm/min to 0.1 
mm/min). The test was stopped when the shear stress reading remained unchanged for 1 
mm of horizontal displacement. The equipment was returned to the initial position 
corresponding to the test start. Subsequently, the test was repeated for the remaining three 
normal stresses.  

Following the last peak, the sample was unloaded to 60 kPa and sheared at several 
15 mm displacement cycles to obtain the residual shear force. The residual shear was 
considered to be that corresponding to an insignificant change in the shear stress among 
successive cycles. After two such cycles, the sample was loaded to the next normal stress 
and the same procedure was repeated for all of the four normal stresses. 

 

 
 

FIGURE 3. Direct shear testing setup (shear box, displacement dials, and loading frame). 
 

4. CONCEPTUAL MODEL 
The Questa rock piles were constructed by end dumping, forming angle of repose slopes 
commonly in the range of 36° to 38° (DRA-2, 6). The process of end dumping, 
segregation and variation in original rock types produced a well-defined interbedded 
structure within the deposited rock pile (McLemore and the Questa Rock Pile Weathering 
and Stability Team, 2008). The rocks can undergo weathering in the presence of oxygen, 
water, sulfur, and bacteria, and are subjected to wetting/drying and freeze thaw cycles 
near the surfaces of the rock piles (DRA-27). 

The shear strength of soil and broken rock is typically described using the Mohr-
Coulomb failure criteria (Fredlund et al., 1996) as follows: 
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 τ = c′ + (σn – uw) tan φ′              [1] 
 
where: 
 τ    = shear strength, 

c′    =  cohesion intercept (due to adhesion, cementation, stress history, 
interlocking of particles, etc.), 

 φ′    =  effective angle of internal friction, 
 σn     =  total normal stress on the plane of failure, 
 (σn – uw) = effective normal stress on the plane of failure, and 
 uw    =  pore-water pressure. 

In conventional analyses, the frictional angle is considered to govern the stability 
of rock piles whereas the cohesion intercept is typically assumed to be negligible. This is 
because the internal friction angle of rock piles at the time of placement is always greater 
than 38° that corresponds closely to the angle of repose of the freshly deposited material. 
Likewise, most of the fresh mine rock at metal mines contain little fines, maybe up to 5% 
material finer than 4.75 mm (ASTM Sieve No. 4) and is therefore considered 
cohesionless (Herasymuik, 1996).  
 
5. STATUS OF COMPONENT INVESTIGATION 
Summaries of the results for geotechnical index properties are given in Azam and Wilson 
(2006). One sample was used to measure the peak strength through staged testing (small 
displacement) and residual strengths in subsequent normal stresses, as described above. 
The peak and residual (large displacement friction angles) were obtained for the highest 
normal stress and the values are summarized in Table 2. 
 
TABLE 2. Summary of UBC direct shear test results. Friction angles are reported in 
degrees (Azam and Wilson, 2006). 
 

Sample Goathill North Pile Pit Shear Zone 

 Peak  Residual Peak Residual Peak Residual

GHN KMD 0016 40.2 34.8 ----- ----- ----- ----- 
GHN KMD 0018 40.0 34.0 ----- ----- ----- ----- 
GHN KMD 0051 40.2 33.8 ----- ----- ----- ----- 
GHN KMD0053 38.0 32.1 ----- ----- ----- ----- 
GHN KMD 0065 41.9 34.2 ----- ----- ----- ----- 
GHN KMD 0076 37.4 31.1 ----- ----- ----- ----- 
PIT LFG 001 ----- ----- 40.1 35.7 ----- ----- 
PIT LFG 003 ----- ----- 37.4 33.0 ----- ----- 
PIT LFG 005 ----- ----- 36.0 29.0 ----- ----- 
PIT LFG 007 ----- ----- 34.0 29.0 ----- ----- 
PIT LFG 009 ----- ----- 40.4 30.6 ----- ----- 
PIT LFG 0013 ----- ----- 33.0 30.0 ----- ----- 
GHN LFG 001 ----- ----- ----- ----- 29.0 26.2 



DRA-43 
 

Questa Weathering Study p 6 of 12 February17, 2009 
 

Sample Goathill North Pile Pit Shear Zone 

GHN LFG 002 ----- ----- ----- ----- 34.6 26.6 
GHN LFG 003 ----- ----- ----- ----- 36.4 28.2 
GHN LFG 004 ----- ----- ----- ----- 31.3 25.2 
GHN LFG 005 ----- ----- ----- ----- 28.8 23.0 
GHN LFG 006 ----- ----- ----- ----- 34.3 24.9 
SCS 005 ----- ----- ----- ----- 34.0 28.5 
SCS 006 ----- ----- ----- ----- 33.0 ----- 

 
 
The results obtained from an alternative interpretation consistent with other direct shear 
tests for the Questa project is presented in Appendix 2.  
 
The key findings of the laboratory investigation are summarized as follows: 
 
1. The average specific gravity of the rock pile samples is 2.8. The rock samples 

were composed of 90 ± 8% of sand and gravel size (defined as larger than 2 mm) 
materials. The amount of clay size material was 1 to 5% in samples from the 
GHN pile and Goathill South (GHS) rock pile, but increased up to about 9% in 
the pit samples. 

 
2. The saturated hydraulic conductivity of waste rock samples decreased from 10-5 

m/s to 10-7 m/s in the following sample order: Goathill North pile; South pile; 
open Pit; and Shear Zone. Within each group, ksat variation was almost one order 
of magnitude that is attributed to the variability in the grain size distribution of the 
rock materials. 

 
3. The air entry values for the GHN pile samples was 1 kPa, for the Open Pit 

samples was 2 to 4 kPa, and for the Shear Zone samples was 1 kPa. In all cases, 
the water content gradually decreased to a residual value at about 100 kPa. 

 
4. For samples for which only peak friction angle was determined, φ′ was found to 

be about 40o.  
 
5. The mean of both peak and residual friction angles was highest for samples from 

the GHN pile followed by the samples from the open Pit. The values of friction 
angles decreased by about 6o from the peak to large displacement values. 

 
6. RELIABILITY ANALYSIS 
Direct shear testing was performed on scalped samples in 100 mm x 100 mm shear box 
apparatus. The specimens tested were therefore finer than the total field samples. It is 
expected that these test conditions can result in shear strength values that are lower than 
field conditions. The staged testing may also result in lower peak shear friction angles. 
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7. CONCLUSION OF THE COMPONENT  
Staged shearbox testing was conducted and Azam and Wilson (2006) interpreted the 
results based on their laboratory observations as that obtained for the highest normal 
stress. Based on this interpretation the cohesive intercept is zero and the following ranges 
of friction angles were obtained: 

• Goat Hill North: peak friction angle 37.4˚ to 40.2˚; large deformation 31.1˚ to 
34.8˚. 

• Pit samples: peak friction angle 33.8˚ to 40.4˚; large deformation 30.0˚ to 35.7˚. 
• Colluvium shear zone: peak friction angle 28.8˚ to 36.4˚; large deformation 23.0˚ 

to 28.5˚. 
• Alteration scar: peak friction angle 33.0˚ to 34.0˚; large deformation 28.5˚ (only 

one result quoted). 
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DRA-0 and DRA-1 
 
APPENDIX 1: SHEAR STRENGTH OF GRANULAR MATERIALS 
 
The shear strength of soils is important to determine the stability of slopes. Figure 3 
provides the typical behavior of a granular soil under saturated conditions. Taken from 
Hirschfeld (1963), this figure defines the distinct behavior of loose and dense sands by 
plotting the stress-strain curves (a) and void ratio changes during shear (b). 

When a loose material is sheared, the principal stress difference gradually 
increases to a maximum or ultimate value. Concurrently, the void ratio decreases from 
the initial state to the critical void ratio. This is the ultimate void ratio at which 
continuous deformation occurs with no change in principal stress difference.  

When a dense material is sheared, the principal stress difference reaches a peak or 
maximum, after which it decreases to a stress difference value close to that of the loose 
material. The void ratio-stress curve shows that the dense material decreases in volume 
slightly at first and then dilates up to the critical void ratio.  

Theoretically, the critical void ratio and the ultimate stress should be the same for 
both loose and dense materials. Variations are attributed to difficulties in precise 
measurement of the void ratios and the non-uniform stress distribution in the test 
specimens. This is evident from the mode of failure of the samples. The loose specimen 
simply bulges whereas the dense specimen usually fails along a distinct plane oriented at 
about 45o + φ′/2 from the horizontal (φ′ is the effective angle of shearing resistance of the 
dense sample). 
Additional shear strength may be developed by cohesion when the waste rock has a 
higher fraction of fine sand, silt and clay. Cohesion may occur as effective cohesion 
and/or apparent cohesion. Effective cohesion describes cohesive strength derived from 
inter-particle cohesion due to the presence of clay minerals and the precipitation of 
secondary mineral products such as grain to grain cements. Apparent cohesion describes 
cohesive strength associated with matric suction. The apparent cohesion can be visualized 
with the simple illustration of constructing a sand castle on the beach. When dry, the sand 
stands at an angle of repose similar to that in an hourglass. The only shear strength 
between particles is that generated by friction as the weight of the sand presses the sand 
grains together. However, when a small amount of water is added to the dry sand, the 
moistened sand can be formed into vertical columns. Water in the sand holds the particles 
together through surface tension. Wetted sand is held together by weight-induced friction 
and by the web-like meniscus of water called the contractile skin that is intertwined 
throughout the sand particles. The surface tension of the water draws the particles 
together, increasing the inter-particle frictional forces at the grain-to-grain contacts. 
Matric suction is the difference between atmospheric air pressure (ua) and negative water 
pressure (uw) across the meniscus. The shear strength of an unsaturated soil can be 
expressed using the following equation provided by Fredlund and Rahardjo (1993) and 
Fredlund et al. (1996): 
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 τ = c′ + (σn – ua) tan φ′+ aw(ua – uw) tan φb            [2] 
 
where: 
 φb = angle indicating the rate of increase in shear strength with respect 

to net normal stress, (σn – ua) and matric suction (ua – uw), and 
 aw = normalized water content as a function of matric suction. 
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FIGURE 3. Typical behaviour of a granular soil: (a) stress-strain curves; and (b) void 
ratio changes during shear (Hirschfeld 1963). 
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The extended shear strength envelope includes three components; namely, 
effective cohesion (c′), frictional shear strength ((σn – ua) tan φ′) and apparent cohesion 
(aw(ua – uw) tan φb). Figure 4 illustrates the new failure envelope for a typical unsaturated 
soil. The shear strength increases with increasing net normal stress, (σn – ua) and/or 
matric suction (ua – uw).  
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FIGURE 4. Extended Mohr-Coulomb Failure Envelope (Gan et al. 1988). 
 
 
APPENDIX 2 ALTERNATIVE INTERPRETATION OF UBC SHEAR TEST 
RESULTS 
 
All shear test results for the Questa project are consistently interpreted by obtaining the 
best fit line through the three or four sets of normal stress and shear strength values 
obtained from the direct shear test. The raw data for the GHN KMD, PIT LFG and two 
SCS samples were re-evaluated using this approach. The results are presented in Table 3.  
 

While the results in Table 3 are consistent with the interpretation of all other 
project shear box results it must be noted that these are the only staged direct shear tests 
performed during the project. It is recommended that the interpretations of Azam and 
Wilson (2006) be used in the further evaluation of the results as they based their 
interpretations on observations during the testing program instead of a purely statistical 
approach to the interpretation of the data. 
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TABLE 3. Shear strength parameters obtained by best fit line of test results 
 

     

Sample 

Peak shear 
strength 

 

Large 
Displacement 
shear strength 

  
c 

(kPa)
phi 

(degrees)
c  

(kPa) 
phi 

(degrees) 
          
GHN KMD 0016 11.2 39.6 14.4 34.7 
GHN KMD 0018 10 40 20.7 33 
GHN KMD 0051 5 40 3 36 
GHN KMD 0053 10 37.7 13.6 32.2 
GHN KMD 0065 1.4 41.8 30.3 31.9 
GHN KMD 0079 6.6 37.1 0 34.8 
Average Values for GHN 7.4 39.4 13.7 33.8 
      
PIT LFG 001 1.8 40.1 20.7 34.4 
PIT LFG 003 13.6 36.5 25.1 30.9 
PIT LFG 005 5.9 35.6 19.2 28 
PIT LFG 007 6.3 33.4 24.2 27.1 
PIT LFG 009 0 40.5 14.3 30.1 
PIT LFG 0013 (4 inch) 16.9 31.2 - - 
PIT LFG 0013 (2.5 inch) 38 32.2 58.6 31.7 
Average Values for PIT 11.8 35.6 27.0 30.4 
      
SCS 005 42.8 32.5 16.6 27.3 
SCS 006 7.9 41.3 17.6 32.4 
Average Values for SCS 25.4 36.9 17.1 29.9 

 


