
AN ASSESSMENT OF THE APPLICABILITY OF THE HOEK- 

BROWN FAILURE CRITERION TO JOINTED ROCK SLOPES  

BASED ON SYSTEMATIC NUMERICAL MODELLING  

 

 

Q. H. Liao & S. R. Hencher*   

Dept. of Earth Sciences, The University of Leeds, Leeds LS2 9JT, UK 

* Now: Bechtel International, Inc., Korea High Speed Rail Project, Job 22300 2nd Floor,  

Sahak Building, 19 Naeja-Dong, Chongro-Ku, Seoul 110-053, Korea 

 

 

ABSTRACT 

 

The Hoek-Brown failure criterion (1980, 1983) and modified criterion (1992) as well as revised version (1994) 

is widely used for estimating rock mass strength properties in intensely fractured rock. The criterion suggests 

that mass strength is dependent primarily on lithological type, fracture spacing and intact rock strength relative 

to the in-situ stress level. The criterion is applicable to fractured rock masses where the potential for simple 

kinematical failure along individual discontinuities is not possible. The criterion makes no allowance for degree 

of adversity of jointing within the highly fractured mass. 

 

This paper describes the results of numerical studies using UDEC in which shear behaviour within a slope of 

constant geometry has been assessed. Parameters such as fracture spacing, block size and intact rock strength 

have been kept constant in accordance with the classes of rock defined within the modified criterion. 

Discontinuity orientation has been varied systematically within the mass. 

 

The results show that stability is highly dependant upon the relative discontinuity orientations within the rock 

mass even where kinematical sliding of wedges is not possible. A suggested modification of the criterion is 

proposed based on degree of adversity of jointing. Conclusions are drawn with respect to the available strengths 

for different rock mass qualities. 

 

 

INTRODUCTION 

 

The Hoek-Brown failure criterion (Hoek and Brown, 1980) and modified criterion (Hoek et al., 1992; Hoek, 

1994) are widely used for estimating the strength of highly fractured rock masses which can be regarded as 

essentially isotropic. Hoek (1994) emphasises that the criterion should only be applied with extreme caution to 

rock mass containing few sets of joints and where the influence on behaviour of one set is likely to be dominant. 

 

The general criterion as discussed in detail by Hoek (1994) takes the form: 
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where: 

′σ1  = major principal effective stress at failure, 

′σ 3  = minor principal stress at failure, and 

σ c  = uniaxial compressive strength of intact rock 

mb  is a constant for the rock mass and corresponds approximately to the friction angle, φ  within the linear 

Mohr-Coulomb criterion. It varies both with rock type ( mi  component) and an index called the Geological 

Strength Index (GSI) which in turn is related directly to the rock mass classification ratings of Barton et al., 

(1974) and Bienawski (1976) 



s  and a  are constants which depend upon the characteristics of the rock mass; s  is analogous approximately to 

cohesive strength within the Mohr-Coulomb criterion and tends to zero for a very poor quality rock mass, 

reflecting the low tensile strength of such a weak rock mass. 

 

For a given rock type (e.g. sandstone or granite) the parameters mb  , s  and a  vary, with structure (ranging from 

widely jointed and blocky to crushed) and with surface condition of discontinuities (very rough and 

unweathered to slickensided or clay infilled). Generally, the parameters s  and mb  , in particular, reduce 

markedly with increasing number of discontinuity sets, increasing fracture frequency and lower shear strength 

of discontinuity surface. Within the various ratings, however, no allowance is made for degree of adversity of 

jointing; it is taken as a basic assumption for the Hoek-Brown criterion that joint orientations are “very 

favourable” as defined by Bienawski (1976). 

 

In contrast to the Hoek-Brown criterion prediction of a reducing shear strength with increasing fracture 

frequency for an isotropic rock mass, Bandis et al. (1981) report that strength actually increased with reducing 

block size in physical model tests where the failure mechanism was dominated by sliding on adversely 

orientated sets of discontinuities. This was attributed to a reduced stiffness of the more closely jointed rock 

mass allowing more freedom for blocks to rotate thereby increasing the effective roughness component. Clearly 

these two situations of either no adverse discontinuities or behaviour dominated by sliding on adverse 

discontinuities are opposite ends of a spectrum of rock mass conditions. In many situations, whilst the fracture 

network does not permit failure by sliding along a single set of discontinuities, within the rock mass there are 

sets of impersistent, or non-daylighting discontinuities which are orientated so that sliding along these will 

contribute significantly to failure. The apparently contradictory conclusions of Bandis et al. (1981) and Hoek et 

al. (1992) regarding the trend for strength with decreasing block size causes something of a dilemma for 

geotechnical engineers. 

 

 

THEORETICAL BACKGROUND 

 

The Hoek-Brown failure criterion suggests that mass strength is dependent primarily on lithological type, 

fracture spacing and intact rock strength relative to the in-situ stress level. The criterion is applicable to 

fractured rock masses where the potential for simple kinematical failure along individual discontinuities is not 

possible. The criterion makes no allowance for degree of adversity of jointing within the highly fractured mass. 

 

Some fundamental aspects of Hoek-Brown failure criterion have been widely studied. For example, improving 

understanding of the constants of Hoek-Brown failure criterion mainly from laboratory tests (Betournay et al., 

1991). Using probabilistic stability analysis for variable rock slopes by Priest and Brown (1983) which 

described typical Hoek-Brown sliding failures. However, this research takes a close look at the consideration of 

geological and engineering aspects with the bigger scale numerical modelling to demonstrate the influence of 

degree of adversity of discontinuity orientation on jointed rock slopes stability by using Hoek-Brown failure 

criterion. 

 

The general weakening influence of discontinuities on the available shear strength of the soil or rock mass is 

well established. Henkel and Skempton (1955) for example demonstrated that in fissured clays, analysis of 

slope stability on the basis of peak strength of the intact material will lead to a considerable overestimate of the 

Factor of Safety. It is also clear that where fractures are not randomly orientated, which is generally the case 

(see for example Pollard & Aydin, 1988), then strength will be anisotropic (Amadei, 1988). As the orientation 

of fractures vary with respect to the stress field, so the available strength will vary, in large part in response to 

changing freedom for different modes of deformation to develop (Reik & Zacas, 1978; Al-Harthi & Hencher, 

1993). 

 

The contribution of impersistent joints to rock slope stability was considered in detail by Einstein et al. (1983). 

Whilst it is clear that impersistent joints which are otherwise daylighting will result in mass strength lower than 



that of intact rock the problem is not trivial theoretically and especially in practice where persistence is one on 

the most important yet difficult attributes of discontinuity geometry to ascertain in the field. 

The problem of the influence of non daylighting discontinuities which have a component of dip in the direction 

of potential deformation was considered theoretically and analytically for discontinuities in soils by McGown et 

al. (1980). They allowed for strength reduction due to percentages of classes of discontinuities of particular 

orientations in their anisotropy ratio. The same principles might be expected to apply to rock masses. In 

particular, in rock slope, Hencher et al. (1996) have briefly described the principles of degree of adversity of 

discontinuity orientation to rock slope stability study contained physical models, numerical modelling and field 

case study. 

 

In inclined rock masses, anisotropic rock mass strength depends upon inclined degree of rock mass and 

orientation of discontinuities (Amadei and Pan, 1992). And, rock mass strength reduction is with increasing the 

inclined degree of rock mass due to discontinuity shear strength decreasing. Therefore, it is necessity for 

understanding the influence of degree of adversity of discontinuity orientation ( it is the inclination angle of 

discontinuities in two dimensions in the UDEC modelling) in jointed rock slopes. 

 

This research is aimed at assessment of the applicability of the Hoek-Brown failure criterion to jointed rock 

slopes for investigating the influence of the presence of adversely orientated, yet persistent discontinuities to 

rock mass strength where sliding on single discontinuity surfaces is not a potential model of failure due to the 

geometry of the situation and the available shear resistance to sliding along the discontinuities based on a 

systematic numerical modelling. The influence of such discontinuity sets has been studied in detail by using 

UDEC modelling. 

 

The research reported here to be investigated the fundamental mechanical processes involved rock slopes 

stability and apply Hoek-Brown failure criterion to the rock slopes. The rock slopes with different joint spacing 

and orientation were created and input parameters were defined with respect to Hoek-Brown failure criterion. 

The models were designed to investigate the influence of degree of adversity of discontinuity orientation in 

jointed rock slopes. Careful study of models have been used for analysing the stability of jointed rock slope 

according to Hoek-Brown failure criterion. This approach reported here will be helpful in jointed rock slopes 

design and understanding the strength characteristics of jointed rock masses by using Hoek-Brown failure 

criterion. 

 

This paper describes the results of numerical studies using UDEC in which shear behaviour within a slope of 

constant geometry has been assessed. Parameters such as fracture spacing, block size and intact rock strength 

have been kept constant in accordance with the classes of rock defined within the modified criterion. 

Discontinuity orientation has been varied systematically within the mass. 

 

 

UDEC SIMULATIONS 

 

The distinct element method introduced by Cundall (1971) and developed within the software package, UDEC 

(Universal Distinct Element Code) is a powerful tool for performing strength and deformation analysis in 

blocky rock masses. The time stepping nature of the problem allows mechanisms of deformation to be studied 

for given fracture networks and geometries. The program has been used to predict deformations in real rock 

mass engineering situations with remarkable success (Barton et al., 1991). 

 

In this research, UDEC version 1.83 (ITASCA, 1993) with two dimensions analysis is used. A series of UDEC 

models of idealised slopes were set up. Within each model the fracture networks of the rock mass were defined 

with the rock mass rating in terms of number of joint sets and block size kept constant together with parameters 

such as shear strength along discontinuities. Within each model of constant slope geometry the two factors 

which were varied discontinuity orientation and, to some extent persistence. 

 



In UDEC modelling, Hoek-Brown failure criterion and constants were defined and input into each model. In 

this research Hoek-Brown failure criterion (1983) was used because of the limitation of the code. In fact, Hoek-

Brown failure criterion has been developed in 1992 (Hoek et al., 1992) and 1994 (Hoek, 1994). And the 

difference between Hoek-Brown failure criterion (1980 and 1983) and (1992 and 1994) has been analysed by 

the authors by mathematical solution (will be described in the other paper). 

 

However, in UDEC modelling, an equivalent non-linear continuous material is assumed that the rock mass 

behaves according to a non-linear constitutive law which the non-linear behaviour of a jointed rock mass can be 

represented by an elastic/plastic model. Therefore, the rock block model is assumed as elastic/plastic with 

Mohr-Coulomb failure criterion, the joint model is assumed as joint area contact elastic/plastic with Coulomb 

slip failure criterion. But the jointed rock mass strength is controlled by the Hoek-Brown failure criterion and 

constants ( m s, and σ c ). 

 

The jointed rock slopes with height 20 metres and angle 70 degrees were simulated. The rock mass under 

consideration contains two sets of discontinuities. A middle strong geological material (fair quality to good 

quality rock mass) with spacing from 0.4 to 2 metres was simulated in this research. Three different joint 

spacings (block sizes) were set up for different models with same discontinuity orientation to demonstrate the 

different deformations of jointed rock slopes with respect to Hoek-Brown strength criterion. Table 1 lists the 

geometrical models and input values for the UDEC modelling. In Table 1 the angle of joint is determined 

according to the coordinate system to be used by UDEC. 

 

Plane strain loading conditions were assumed for the two-dimensional analysis. Gravitative loading is applied to 

the models. Horizontal stresses were assumed to be equal to half of vertical (gravitational) stresses. The jointed 

rock mass strength is defined by Hoek-Brown failure criterion with RMR = 44, m  = 0.3, s  = 0.0001 and σ c = 

50MPa. Table 2 lists the parameters and values to be defined and employed by the UDEC modelling for blocks, 

joints and Hoek-Brown constants. 

 

 

TABLE 1 

JOINT SPACING AND DISCONTINUITY ORIENTATION  

 

                        Joint Spacing (Block Size)  (m) 

  Model          2 (2x2)          1 (1x1)     0.4 (0.4x0.4) 
      Joint (angle)      Joint (angle)      Joint (angle) 
   Set 1   Set 2   Set 1   Set 2   Set 1   Set 2 
       1     175     85     175     85     175     85 

       2     170     80     170     80     170     80 

       3     165     75     165     75     165     75 

       4     160     70     160     70     160     70 

       5     155     65     155     65     155     65 

 

 

TABLE 2 

THE PARAMETERS AND VALUES OF MATERIAL PROPERTIES 

 

 Parameter     Value 

Block:   

 Density [ kg/m3 ]      2180 

 Young's modulus [ GPa ]        22 

 Poisson ratio        0.3 

 Friction angle [ degree ]        35 

 Cohesion [ MPa ]        0.5 

 Dilation angle [ degree ]         5 



 Tension [ MPa ]         0 

Joint:   

 Friction angle [ degree ]        28 

 Cohesion [ MPa ]         0 

 Dilation angle [ degree ]         3 

 Tension [ MPa ]         0 

 Normal stiffness [ GPa/m]        10 

 Shear stiffness [ GPa/m ]         5 

Hoek-Brown constants:   

 RMR       44 

 m        0.3 

 s      0.0001 

 σ c [ MPa ]        50 

 

 

 

ANALYSIS OF THE RESULTS AND DISCUSSIONS 

 

The UDEC simulation results are shown in Figures 1 to 3. Where Figure 1 shows the slope with 2m joint 

spacing (block size 2x2m) but different discontinuity orientations (represented by the joint set angles), Figure 2 

shows the slope with 1m joint spacing (block size 1x1m) but different discontinuity orientations (represented by 

the joint set angles), Figure 3 shows the slope with 0.4m joint spacing (block size 0.4x0.4m) but different 

discontinuity orientations (represented by the joint set angles), which demonstrated the failure mechanisms 

relating to the degree of adversity of discontinuity orientation.  

 

The failure mechanism of the slopes with the biggest joint spacing was toppling with different discontinuity 

orientations to be illustrated in Figure 1 (a) , (b), (c) and (d), (except Figure 1 (e) which was stable likely). It 

seems that these are not like Hoek-Brown failure despite the rock mass strength was defined by Hoek-Brown 

failure criterion. Obviously the failure shape of the slopes was influenced by the discontinuity orientation. 

 

The slopes comprising of intermediate joint spacing (Figure 2) fail by sliding on the daylighting discontinuity 

set in all discontinuity orientations which demonstrated that discontinuity orientation is the controlling factor 

despite the rock mass strength was defined by Hoek-Brown failure criterion. Obviously the failure mechanism 

was influenced by the rock block sizes. 

 

For the slopes with the smallest joint spacing (Figure 3), a shallow translational slide develops along a failure 

surface that bounds many blocks which is essentially a Hoek-Brown mass failure. These results from an aspect 

demonstrate the applicability of the Hoek-Brown failure criterion to jointed rock slopes. 

 

However, from the results of the modelling, it is shown that the failure mechanism of the rock slopes is 

depended upon the different joint spacings (block sizes) and they proved the influence of degree of adversity of 

discontinuity orientation on the slope stability. For the same joint spacings (block sizes), the failure mechanism 

of the slopes is the same with the varied discontinuity orientation. Where the degree of adversity of 

discontinuity orientation need to be indicated for the slope stability (see Figure 1 (d) and (e); Figure 2 (d) and 

(e) and Figure 3 (d) and (e)). This results show that the toleration of dominated discontinuity orientation 

controls the failure mechanism of the slopes which demonstrated the influence of degree of adversity of 

discontinuity orientation on the slope stability. 

 

For different joint spacings (block sizes), the failure mechanism is fully different for the same discontinuity 

orientation which is illustrated in Figure 1 (a), Figure 2 (a) and Figure 3 (a); Figure 1 (b), Figure 2 (b) and 

Figure 3 (b); ... and so on (also see Hencher et al., 1996). On the other hand, the smallest block size has the 

smallest horizontal displecement comparing Figures 1, 2 and 3 with the same discontinuity orientation which is 

coincident with the conclusions of Bandis et al. (1981). The results show that there are the influence of block 



size and discontinuity orientation under complex rock mass conditions which will be carefully considered when 

applying Hoek-Brown failure criterion to these rock slopes. With respect to different rock mass scale with 

different block sizes and joint spacing, applied Hoek-Brown failure criterion will be very carefully considered 

as described by Hoek (1994). 

 

Furthermore, the modelling results show that there is a set of joints which dominated the failure mechanism 

(joint set 2 of Table 1), this can be seen from the failure shape of all models that the toppling, the sliding and 

the Hoek-Brown failure are approximately along the joint set 2. Therefore extreme caution will be given under 

the conditions of complex block sizes and discontinuity orientations of rock mass, where the degree of adversity 

of discontinuity orientation and Hoek-Brown failure criterion have to be carefully considered for jointed rock 

slope design and excavation. 

 

 

CONCLUSIONS 

 

An assessment of the applicability of the Hoek-Brown failure criterion to jointed rock slopes based on 

systematic numerical modelling has been carried out. The results show that stability is highly dependant upon 

the relative discontinuity orientations within the rock mass even where kinematical sliding of wedges is not 

possible. This results suggest that there is an influence range of discontinuity orientation which controls the 

failure mechanism of the rock slopes. Furthermore, different rock mass failure mechanisms which suggest that 

applied Hoek-Brown failure criterion to these rock slopes should be carefully considered with respect to the 

available strengths for different rock mass qualities. 

 

It has been proposed that a modified Hoek-Brown failure criterion based on the degree of adversity of 

discontinuity orientation would be developed for estimating strength of highly fractured rock mass and the 

stability analysis of jointed rock slope. The studies on the influence of the degree of adversity of discontinuity 

orientation for suggested modification of the Hoek-Brown failure criterion are under progress. 

 

 

REFERENCE 

 

Al-Harthi, A. A. & Hencher, S. R., (1993). On the effect of block size on the shear behaviour of jointed rock 

masses. Proc. 2nd Int. Workshop on Scale Effects in Rock Masses ‘93, Lisbon, pp205-209. 

 

Amadei, B., (1988). Strength of a regularly jointed rock mass under biaxial and axisymmetric loading 

conditions. Int. J. Rock Mech. Min. Sci. & Geomech. Abstr., Vol. 25, pp3-13. 

 

Amadei, B. & Pan, E., (1992). Gravitational stresses in anisotropic rock masses with inclined strata. Int. J. Rock 

Mech. Min. Sci. & Geomech. Abstr., Vol. 29, pp225-236. 

  

Bandis, S., Lumsden, A. C. * Barton, N. R., (1981). Experimental studies of scale effects on the shear behaviour 

of rock joints. Int. J. Rock Mech. Min. Sci. & Geomech. Abstr., Vol. 18, pp1-21. 

 

Barton, N. R., Kien, R. & Lunde, J., (1974). Engineering classification of rock masses for the design of tunnel 

support. Rock Mechanics, Vol. 6, pp189-236. 

  

Barton, N., Tunbridge, L., Loset, F., Westerdahl, H., Kristiansen, J., Vik, G. & Chryssanthakis, P., (1991). 

Norwegian Olympic Ice Hockey Cavern of 60m span. Proc. of the 7th Int. Congress on Rock Mech., Aachen, 

Germany, Sept. 1991, Vol. 2, pp1073-1081. 

 

Betournay, M. C., Gorski, B., Labrie, D., Jackson, R. & Gyenge, M., (1991). New sonsideration in the 

determination of Hoek and Brown material constants. Proc. of the 7th Int. Congress on Rock Mech., Aachen, 

Germany, Sept. 1991, Vol. 1, pp195-200. 



 

Bieniawski, Z. T., (1976). Rock mass classification in rock engineering. Proc. symp. on exploration for rock 

engineering, Johannesburg, Vol. 1, Bieniawski, Z. T. ed., pp97-106. 

Cundall, P.A., (1971), A computer model for simulating progressive, large scale movements in blocky rock 

systems. Proceedings in International Symposium of Rock Fracture (ISRM), Nancy, France, Vol. 1, Paper II-8. 

 

Einstein, H. H., Veneziano, D., Baecher, G. B. & O’Reilly, K. J., (1983). The effect of discontinuity persistence 

on rock slope stability. Int. J. Rock Mech. Min. Sci. & Geomech. Abstr., Vol. 20, pp227-236. 

 

Hencher, S. R., Liao, Q. H. & Monaghan, B. G., (1996). Modelling slope behaviour for open-its. Transactions 

of the Institution of Mining and Metallurgy, Section A, Vol. 105, ppA37-A47. 

 

Henkel, D. J. & Skempton, A. W., (1955). A landslide at Jackfield, Shropshire, in a heavily overconsolidated 

clay. Geotechnique, Vol. 5, pp131-137. 

 

Hoek, E. & Brown, E. T., (1980). Empirical strength criterion for rock masses. J. Geotech. Engng. Div. Am. 

Soc. Civ. Engrs., Vol. 106, GT9, pp1013-1035. 

 

Hoek, E., (1983). Strength of jointed rock masses, 1983 Rankine Lecture. Geotechnique, Vol. 33, No. 3, pp187-

223. 

 

Hoek, E., Wood, D. & Shah, S., (1992). A modified Hoek-Brown failure criterion for jointed rock masses. 

Eurock’92, Thomas Telford: London, pp209-214. 

 

Hoek, E., (1994). Strength of rock and rock masses. ISRM Newsjournal, Vol. 2, NO. 2, pp4-16. 

 

ITASCA Consulting Group, Inc., (1993). UDEC: Universal Distinct Element Code, Version 1.83, User’s 

Manual, Minneapolis, Minnesota, USA. 

 

McGown, A., Marsland, A., Radwan, A. M. & Gabr, A. W. A., (1980). Recording and interpreting soil 

macrofabric data. Geotechnique, Vol. 30, No. 4, pp417-447. 

 

Pollard, D. D. & Aydin, A., (1988). Progress in understanding jointing over the past century. Geological Society 

of America Bulletin, Vol. 100, August 1988, pp1181-1204. 

 

Priest, S. D. & Brown, E. T., (1983). Probabilistic stability analysis of variable rock slopes. Transactions of the 

Institution of Mining and Metallurgy, Section A, Vol. 92, ppA1-A12. 

 

Reik, G. & Zacas, M., (1978). Strength and deformation characteristics of jointed media in true triaxial 

compression. Int. J. Rock Mech. Min. Sci. & Geomech. Abstr., Vol. 15, pp295-303. 

 

 


