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QUESTIONS WE ASK…

• Can DEM with bonded spherical particles only yield 
realistic UCS/UTS?

• How do rock behaviors transition between uniaxial 
tension and uniaxial compression?

• If tension cutoff is legitimate, where should it end? 

Smooth
e.g. Hoek-Brown

Tension cutoff

implies
Failure envelope shape

Smooth transition

Sharp transition

Failure plane orientation

Hoek and Martin (2014)



STRENGTH RATIOS OF REAL ROCKS

Hoek and Martin (2014)



FAILURE ENVELOPE - LINEAR CONTACT BOND MODEL

Soft contact 
Spherical particles
Dense packing
Short-range interaction
Elasto-perfectly brittle contact

Huang (1999)



PREVIOUS EFFECTS TO INCREASE UCS/UTS…

• Clumped particles (Cho et al., 2007)

• Grain based model (Potyondy, 2010)

• Flat joint model (Potyondy, 2012)

• Increasing interaction range (Scholtes and Donze, 2013)

• Introducing initial damage (Schöpfer et al, 2009)



DISPLACEMENT-SOFTENING CONTACT MODEL

• Modified from the parallel bond 
model in PFC 5.0 (                 ) 

• Point contact between particles –
elastic, frictional

• Area contact – elastic and bonded; 
softening law implemented in the 
normal direction; 

First version of the model

thus… only one additional parametercompression

bond stretch

softening coefficient 

Ma and Huang (2018)
Failure condition



SIMULATION PARAMETERS

Nominal energy loss for one bond breakage is kept constant 

(2D)

(3D)



UCS/UTS

UCS and UTS can be calibrated 
separately by adjusting 

and

2D
3D



LAC DU BONNET GRANITE 

exp - Martin (1993)



BEREA SANDSTONE

exp - Bobich (2015)



COMPARISON WITH GRANITE AND SANDSTONE



BEREA SANDSTONE

confined extension triaxial compression



BRAZILIAN TEST (2D)

Two primary failure scenarios

• Indentation-type

• Center crack type 

Both β (i.e., UCS/UTS) and 
sample size affect the failure 
scenarios.



BRAZILIAN TEST (3D)

Hondros (1959)



CONFINED EXTENSION EXPERIMENTS – BRACE (1960)

• 20 triaxial extension tests

• dog-bone shaped specimens 

• five rock types: granite, quartzite, diabase and two dolomites

• 7 samples fail at axial stresses close to their uniaxial tensile strengths with the failure 

plane more or less normal to the axial direction

Primary experimental source to support the tension cutoff…



RAMSEY AND CHESTER (2004) 

Carrara marble 



DATA REANALYZED BY HOEK AND MARTIN (2014) 



DATA REANALYZED BY HOEK AND MARTIN (2014) 



A PARTICULAR CASE (BETA = 0.1)



FAILURE MECHANISMS



WHERE DOES TENSION CUTOFF END?

Theoretical –

• Griffith 2D

• Murrell (1963) extension of Griffith

• Fairhurst (1964)

Experimental –

• Ramsey and Chester (2004)

DEM results - 2D

3D



CONCLUSIONS

• Incorporating displacement-softening can overcome the issue of low 
UCS/UTS for DEM with only bonded spherical particles.

• Excellent match can be achieved for the full failure envelope of Berea 
sandstone. 

• Both the indentation-type and the center crack type of failures can be 
reproduced for the Brazilian test.

• Confined extension simulations results support the use of a tension cutoff.

• The end of the tension cutoff from the simulations compares favorably 
with the prediction of Fairhurst and the experiments by Ramsey and 
Chester (2004).
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