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Impact of scale on rock strength 

Roland Pusch1, Richard Weston2, Sven Knutsson1 

Abstract 

 
The scale dependence of the strength of virtually homogeneous rock is caused by 

the spectrum of discontinuities of different size and nature. This makes small 

samples significantly stronger and less deformable than larger ones. The strength 

reduction for larger volumes is defined and found to apply to rock volumes 500 

times larger than standard samples tested in the laboratory. Recording of the creep 

strain in large-scale load tests show the strain rate to be strongly retarded and 

negligible for stresses lower than about 1/3 of the failure load. For higher stresses 

creep took place according to a log time law representing secondary creep that 

ultimately changed to tertiary creep and failure.  
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1   Introduction  

The scale dependence of the strength of rock is determined by the spectrum of 

weaknesses. For virtually homogeneous rock they consist of submicroscopic to 

microscopic discontinuities while, for larger volumes, discrete macroscopic 
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weaknesses determine the strength and stability of the rock.  Big enough blocks 

fall apart without any external forces, the critical size ranging between a cubic 

meter and some 1000 cubic meters (Figure 1). The present paper focuses on the 

impact of rock strength on the stability of large-diameter boreholes intersecting 

bored tunnels.  The key question is whether the strength of the rock is lower for 

the rather large volume with high stresses than for ordinary small test samples. 

 

                    
Figure 1: Unstable wedge kept in position by forces acting in the fractures forming 

boundaries [1]. 

 

2   Rock strength   

2.1 General  

Where the stability of bored holes and tunnels is not controlled by critically 

located and oriented discrete weaknesses as in Figure 1, it is primarily determined 

by the compressive strength of the rock material. Under certain conditions 

respecting the ratio of the primary horizontal rock stresses the tensile strength can 

also be a determinant of the stability, as when there is a radial internal pressure on 

Unstable wedge

Fracture zone
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the borehole walls. This is the case with very dense expansive clay surrounding 

canisters with highly radioactive waste in the hole [2].  

 

The unconfined compressive and the tensile strengths of undisturbed samples of 

defined size, usually smaller than one cubic decimeter3 are practical standard 

measures of the rock material and serve as parameters in several rock 

classification systems for practical use [3]. For certain purposes, larger samples 

are sometimes tested but there are no standards or descriptions of the procedure 

and techniques for blocks of half a cubic meter size or bigger.  

 

It has recently become important to investigate how relevant the compressive 

strength really is for predicting the stability of the rock in which large-diameter 

holes have been bored, like those planned to be made in the underground 

repository for highly radioactive waste (HLW) in Sweden. The concept implies 

that the holes will be vertical with up to 1.9 m diameter and 8 m depth at about 

400 m depth in granite where the primary horizontal stresses can be 15-40 MPa 

and the vertical stress 10 MPa. For these primary stresses the conditions may not 

be critical but when the heat-producing waste has been placed in the holes the 

thermal impact increases the hoop stress by up to about 100 %, hence exceeding 

the compressive strength of the surrounding rock of 200 MPa according to 

                                                 
3 Standardized testing EN 1926 (Compression of cubical samples 50x50x50 mm or cylindrical  50 

mm/height 50 mm), and EN 12372 (bend/tension of beams 50x50x300 mm) 
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comprehensive uniaxial compressive tests on 50 mm cores from boreholes. A key 

question is if the compressive strength of the rock is scale-dependent, a matter that 

is in focus of the present paper.  

 

 

2.2 Reference case 
 

2.2.1 Basic data 

We will examine the case of intersection of a TBM-drilled tunnel and a deposition 

hole for a HLW canister, Figure 2. The primary rock stresses are taken to be 30 

MPa in X-direction, 15 MPa in Y-direction and 10 MPa in Z-direction. The 

calculation is based on the E-modulus E5 MPa and Poisson’s ratio 0.3. The 

derived principal stresses at the intersection are shown in Figure 3.  

                                          
 

Figure 2.  Schematic picture of a bored repository tunnel with 5 m diameter and 

about 8 m deep canister deposition hole with 1.7 m diameter extending from it. 

The highest primary rock stress 30 MPa is horizontal and oriented perpendicularly 

to the tunnel axis. 

 



Pusch, Weston and Knutsson 

5 

 

5  

                            

Figure 3.  Close-up view of the major principal stress plotted on the surface of the 

tunnel at the intersection with the vertical hole. Dark-blue zone 180-206 MPa, 

median-dark blue zone 150-170 MPa, light-grey zone 120-130 MPa, light-blue 

zone 115-120 MPa, green zone 70-110 MPa, yellow zone 50-60 MPa, red zone 

<20 MPa. (Based on work by Computational Mechanics Center, UK). 

 

The graph in Figure 3 shows two important facts. Firstly, the highest hoop stress,  

206 MPa, at the intersection of the hole and tunnel is on the same order as the 

uniaxial compressive strength of good crystalline rock, implying risk of failure by 

spalling and slabbing. Secondly, nearly constant high stresses persist within a 

couple of decimetres from the intersection, meaning that failure by overstressing 

will involve a much larger volume than just the interface of the hole and tunnel. 

This means that the average compressive strength of rock elements with at least 
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2000 cm3 size become exposed to nearly the same compressive stress as at the 

intersection of the holes. If these larger element volumes have lower strengths the 

risk of failure would be obvious. Fracturing of the rock can lead to a significantly 

increased hydraulic conductivity in the tunnel floor and in the upper part of the 

hole [3].  

 

2.2.2 Impact of specific structural features of significant persistence 

We will use the categorization scheme in Table 1 for defining rock weaknesses. 

The detailed specification is required in dealing with the strength of rock elements 

of any size because it is determined by the performance of the whole spectrum of 

weaknesses. Growth of natural ones in the evolution of failure makes it necessary 

to consider the stress situation at their tips, which is a matter of fracture 

mechanics. For long-extending, discrete or assemblies of discontinuities the 

distribution of shear resistance over their length is determined by the normal 

pressure and the mineralogical and microstructural constitutions. These matters 

are of ordinary geotechnical type and allow us to generalize the strength 

parameters as cohesion and internal friction. 
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Table 1. Categorization scheme for rock discontinuities [1]. 

Geometry Characteristic properties 

Order Length, 

m 

Spacing, 

m 

Width, 

m 

Hydraulic 

conductivity 

Gouge 

content 

Shear 

strength 

Low-order (conductivity and strength refer to the resp. discontinuity as a whole) 

1st >E4 >E3 >E2 Very high 

to medium 

High Very low 

2nd E3-E4 E2-E3 E1-E2 High to 

medium 

High to 

medium 

Low 

3rd E2-E3 E1-E2 E0-E1 Medium Medium 

to low 

Medium to 

high 

High-order (conductivity and strength refer to rock with no discontinuities of 

lower order) 

4th E1-E2 E0-E1 <E-2 Low to 

medium 

Very 

low 

Medium to 

high 

5th E0-E1 E-1 to E0 <E-3 Low None High 

6th E-1 to E0 E-2 to E-1 <E-4 Very low None Very high 

7th <E-1 <E-2 <E-5 None None Very high 

E denotes the log scale exponent, i.e. E4=10000, E1=10, E-2=0.01 etc 

 

While natural discontinuities of 6th and 7th order play a major role for the 

performance of rock elements of small size and lack of through-going 

macroscopic weaknesses, those of 4th and 5th order discontinuities can have a very 

significant impact on the tightness and stability of repository rock. A common 

example of this is the case shown in Figure 4, in which fractures are subparallel to 

large bored holes and tunnels and located close to them. One realizes that critically 

high rock stresses generated in fractures of this sort, which are in fact common, 

can cause spalling and practically important fine-fracturing of the rock adjacent to 

a deposition hole, hence creating pathways for water and radionuclides that can be 

released from the waste container.   
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Figure 4. Compression of thin rock slab formed between a long fracture and a 1 m 

hole.  For distances (x) smaller than a few centimetres breakage can take place 

depending on the compressive strength of the rock. Calculations by Computational 

Mechanics Institute, UK. 

 

3 Fracture mechanics 
 

3.1 Failure mechanisms 

On increasing the stress level sufficiently much the smallest weaknesses in the 

rock matrix, termed 7th order discontinuities here, initiate the evolution of 

breakage of the virgin crystal matrix that can lead to macroscopic failure. Where 

there are natural discontinuities of 5th and 6th orders, representing fissures and fine 

fractures with small persistence, these react earlier than the crystal matrix since 

Major principal 

stress 25 MPa

4th order 

discontinuity

X meter

Highly compressed

zone

X A B

1 cm 170 MPa 170 MPa

5 cm 105 MPa 95  MPa

10 cm 80 MPa 75 MPa

A

B
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they are weaker, hence manifesting the scale-dependence of strength. In a rock 

volume that is large enough to contain 4th order discontinuities, which are discrete 

water-bearing fractures of 10-100 m length, these are even weaker and can cause 

large-scale rock fall. The problem of predicting fracture growth from the smallest 

weaknesses, voids and microfissures, and from discrete discontinuities of lower 

order, has been treated by numerous investigators using numerical methods for 

determining the stress state in 3D rock structure (Figure 5).   

                                    

Figure 5. Example of 2D boundary element model of rock with holes representing 

7th order discontinuities. The fracture growth can be modelled by BEM technique 

without internal mesh generation.  Only the boundary is defined (BEASY 

software), [4]. 

 

 

The detailed mechanisms causing propagation of fine weaknesses is illustrated in 

Figure 6, showing the development of small defects to become oriented in 

directions that depend on the local stress fields.  
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Figure 6. Growth of plane weaknesses like elongated voids and fissures [5]. 

 

3.2 Experimental  

Experimental strength data reflect the influence of all the discontinuities contained 

in the rock volume considered and since the failure mode is scale-dependent the 

strength is also depending on the rock volume. Thus, while the crystal matrix 

breaks in a brittle fashion with the initial failure taking place in the form of 

cleavage in the load direction, i.e. in the direction of the major principal stress, 

larger samples break along discontinuities or by propagation of discontinuities. It 

is therefore not really relevant to refer to cohesion and internal friction of the rock 

material: for small volumes the strength of which is best expressed by the 

unconfined (uniaxial) compressive strength, while for larger volumes the fracture 

topography (asperities) and coatings (chlorite, micas, epidote) - and above all - the 

pressure normal to the fractures, determine the strength. Logically, the uniaxial 
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compressive strength is also a function of the size of the rock sample, which has 

been validated by systematic loading tests [6]. For granitic rock the following 

expression has been derived for the impact of the diameter d of cylindrical 

samples on the compressive strength expressed as c:  

c=c50 (50/d)0.18    (1) 

where:  

c50 = uniaxial compressive strength of a core sample with 50 mm diameter and 

height. 

 

This relationship implies that a 200 mm diameter sample has a strength that is 

only 80 % of one with 50 mm diameter. Naturally, the strength of larger rock 

volumes drops further as vizualised in Figure 7.  
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Figure 7. Influence of size of sample with one type of defects on the compressive 

strength. The drop in strength at increased volume is explained by the increasing 

number of defects and the greater possibility of critical orientation and interaction 

of the defects [1]. 

 

 

 3.3 Semi-empirical modelling  

 3.3.1 Granitic rock  

 

Application of Eq. (1-1) gives the compressive strength reduction factor x/c 

(volume x=d3/4 in cm3 in Table 2 (Model 1). This table also gives literature-

derived data [7], which, using Weibull statistics and taking 100 cm3 as reference 
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volume, gave data according to Model 2.  

 

Table 2. Strength reduction factor x/c (volume x=d3/4 in cm3). 

Volume, cm3 Model 1 Model 2 

1 1.50 3.30 

10 1.20 1.70 

100 1.00 1.00 

1000 0.85 0.67 

10000 0.75 0.50 

100000 0.70 0.40 

1000000 0.65 0.33 

 

Model 1 implies that the strength of a 1 m3 (E6 cm3) block of rock with no 

discernible macroscopic weaknesses is 65 % of that of a 100 cm3 homogeneous 

block while it is 33 % according to Model 2. Averaging these data one can 

estimate that the big block has half the strength of the small one. Turning back for 

the moment to Figure 3, which demonstrates that critical conditions may prevail 

within 10-20 cm distance from the intersection of the hole and tunnel under the 

assumed primary rock stresses, one concludes that such conditions may in fact 

appear in the entire tunnel floor and down to a couple of meters depth in the 

deposition holes. Failure by spalling is expected to be associated with increased 

hydraulic conductivity of the rock.   

 

3.3.2 Bjärlöv granite  
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Pink granite from north-eastern Skåne, the southernmost county in Sweden, has 

long been used for manufacturing of curbstone and for lining floor and walls of 

buildings, and artists have prepared a number of famous sculptures from it. 

Compression tests on core samples with 26 mm diameter has given a compressive 

strength of 180-250 MPa and beam tests have shown the tensile strength to be one 

tenth of the compressive strength, i.e. at least 18 MPa. Application of the 

theoretical models for the impact of scale would imply an average compressive 

strength of 90-125 MPa and a tensile strength of 9-13 MPa of elements with a 

volume of 0.25-1 m3.  

 

4 Full-scale tests on Bjärlöv granite column 

4.1 General  

The Bjärlöv granite is unweathered and has a sufficiently low content of 5th and 6th 

order discontinuities to allow extraction of parallel-epipedic blocks with up to 10 

m length. Columns with 6 m length and 30cmx40cm cross section were prepared 

from such rock for constructing a large glass roof over a market in Bergen, 

Norway. The columns had consoles and the bending moment generated by the 

weight of the roof was concluded to give too high stresses to guarantee stable 

conditions. The designer, the Norwegian consulting company Instanes A/S,  

therefore required strengthening by drilling an axial, centrally placed hole for a 

steel rod that was preloaded to give a net compressive stress.  
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One of the columns did not have any steel anchor and was used for determining 

the strength and stress/strain properties by performing load tests with the column 

placed horizontally as a beam. 

 

4.2 Test set-up  

The load test was made by placing the 560 cm long column horizontally on 

supports at the ends and applying point loads in two positions (Figure 8). 

               

5.40 m

0.1 m

P/2 P/2

1.8 m 1.8 m 1.8 m

0.4 m

0.3 m

60 mm bored 
hole

P=6000 kg
Wx=7000 cm3=0.007 m3
E=50000 MPa
n=0.3
Density 2700 kg/m3

 

Figure 8. Test arrangement. 

The P/2 loads were applied via a centrally loaded DIP 200 steel beam. The loading 

was made by keeping the hydraulic pressure in the centrally placed jack constant 

during each load step of 16 kN. The deflection was recorded for 10 minutes for 

getting information on the early creep strain. Unloading was made at the end of 

each pressure step.  
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4.3 Predictions  

4.3.1 Stress distribution and deflection 

Analytically, the beam would be exposed to a maximum bending moment of (90P 

+8800) Nm, a maximum tensile stress of (0.01186P + 1.26) MPa, and undergo 

deflection by up to 6PxE-7 m for P in Newton. For the actual load constellation 

the about 50 000 cm3 large central part of the beam would be exposed to the same 

tensile stress. Had the tensile strength been the same as for the 100 cm3 core 

samples, i.e. at least 18 MPa, the failure load P would be 130 kN. A load P=62 kN 

(6200 kg), which turned out to be the true failure load, would yield a maximum 

tensile stress of 8.58 MPa and a deflection of 3.7 mm for the assumed E-modulus.  

FEM calculation of the stress distribution in the rock column gave the diagram in 

Figure 9 for P=62 kN (6200 kg), with the maximum tensile stress 8.11 MPa and 

maximum deflection 2.6 mm. These values are in reasonable agreement with the 

analytically derived ones. The graph shows that the tensile stress was largely 

constant in the central third of the beam length, involving a volume of about 

50000 cm3.  
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Figure 9. Stress distribution in the beam according to the FEM analysis (N/m2). 

 

4.4 Measurements 

The deflection of the beam is shown in Figure 10, which indicates that the granite 

beam behaved largely elastically up to P=62 kN (6200 kg).  

https://mail.google.com/mail/?ui=2&ik=20a240ac4e&view=att&th=13750efd0fb85f8f&attid=0.1&disp=inline&safe=1&zw
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Figure 10. Load versus deflection. The upper diagram shows that the beam 

behaved almost elastically up to the maximum load that could be applied. The 

lower diagram shows that the creep strain for the fourth load step P=32 kN (3200 

kg) dropped very quickly in about one minute. The preceeding loads gave even 

quicker retardation. 

 

Figure 11 shows that creep was more obvious for higher loads. For P=4800 kg it 

dropped with time but was still obvious after 10 minutes, while failure, manifested 

by rapid “tertiary” creep, took place for P=62 kN (6200 kg).   



Pusch, Weston and Knutsson 

19 

 

19  

                         

Figure 11. Creep rates for P=48 kN (4800 kg) in the upper diagram and 62 kN 

(6200 kg) in the lower. For the firstmentioned load the creep rate was still obvious 

after 10 minutes and for the lastmentioned load “tertiary” creep started soon after 

load application and led to failure after a couple of minutes. 

 

4.5 Agreement between predictions and actual behaviour 

The tests demonstrated that the granite beam of which about one third, i.e. around 

a quarter of a cubic meter (240 000 cm3), had actively carried the applied load 

exhibiting elastic behavior but failed at a tensile stress of about 8.6 MPa. This 

demonstrates that the expected tensile strength, around 20 MPa, was not reached 
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and that the difference shall be taken as a measure of the scale dependence of rock 

strength.  It is interesting to see that the strength reduction according to Models 1 

and 2 in Table 2 give an average drop by about 40 % for an increase in sample 

volume from 100 to 50000 cm3, indicating that the scale effect is a true 

phenomenon and that the reduction of rock strength is on the order of magnitude 

implied by the models.  

 

5 The role of progressive failure and creep  

5.1 Rate Process Theory 

Progressive failure results from local overstressing and accumulation of slip units 

much in the way that we imagine creep strain to take place. For materials 

characterized by a spectrum of bond strengths the heterogeneity in stress and 

structure on the microscale, exemplified by geological matter, jointly result in a 

distribution of heights of the energy barriers. Thermal activation is nearly always 

observed, more for soft, ductile matter like soils, than for hard, brittle material like 

rock. Common to both is, however, that in given points in the materials slip on the 

molecular scale is held up at an energy barrier that is determined by the intrinsic 

nature of the obstacle as well as by the local deviatoric stress acting on it at a 

certain time [8]. For soils, the barriers are represented by interparticle bonds of 

various types, the strongest represented by primary valence bonds and the lowest 

by van der Waals and hydrogen bonds. For the crystal matrix of rock they stem 
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from strong chemical bonds and primary valence bonds. Taking the asperities in 

natural discontinuities to represent slip units comparable to those made up of 

yielding particle aggregates in soils (Figure 12) one can apply a 

thermodynamically based creep theory that is common to both material types [8]. 

              

Figure 12. Schematic view of asperities in discontinuities of high orders in granitic 

rock. Three sizes represent different barrier heights of the energy spectrum, the 

biggest asperities representing the highest barriers to slip. 

 

The parameter JRC, i.e. the “joint roughness coefficient” introduced by Barton 

and Chobey [9] a number of years ago for rock quality characterization, serves as 

a measure of the roughness of a sheared element of a discontinuity. Rather smooth 

planes have JRC’s of 1-3, while very rugged planes like the one in Figure 12 have 

JRC equal to 17-19. For the latter, the contribution to the average shear resistance 
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becomes small for very high normal stresses since the asperities are crushed by 

which the shear strength is reduced from the product of the normal stress and a 

roughness-controlled function of the friction angle to the common form tan, 

where  represents the residual friction angle [7].   

 

5.2 Creep strain  

5.2.1 Progressive failure 

We can use the model in Figure 12 to explain progressive failure by successive 

overloading of the asperities as it has been recorded in an underground rock 

laboratory in Canada (Figure 13). Here, a 3.5 m diameter hole had been bored in 

granite perpendicularly to the plane in rock with the primary stresses were 55 MPa 

and 14 MPa and “dog-ear” failure took place in conjunction with the boring due to 

tensile stresses. Progressive failure by successive deepening of the cavern by half 

a meter was recorded from February 1992 to August 1992. The process can be 

termed creep since it was a time-dependent strain phenomenon but the fall-out of 

rock, changing the geometry and structure, would rather suggest use of the term 

progressive failure.  

 

 



Pusch, Weston and Knutsson 

23 

 

23  

                                  

Figure 13. Successive development of “Dog-ear” failure [6]. Failure proceeded for 

half a year from the periphery to 0.5 m depth. 

 

5.2.2 Creep mechanisms  

The theoretical basis for modelling creep is provided by thermodynamics, which 

has led to derivation of analytic expressions for macroscopic creep under constant 

volume conditions in contrast to the empirical expressions that are commonly used 

in geotechnical practice. The derivation of analytical expressions of creep strain 

can be summarized as follows.  

 

An element subjected to a constant deviator stress one can assume that the number 

of energy barriers of height u is n(u,t)u where u is the energy interval between 

successive jumps of a unit, and t the time, the entire process being stochastic. The 
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change in activation energy in the course of evolution of strain means that the 

number of slip units is determined by the outflux from any u-level into the 

adjacent, higher energy interval and by a simultaneous inflow into the interval 

from u-u [10, 11].  

 

Each element contains a certain number of slip units in a given interval of the 

activation energy range and displacement of such a unit is taken to occur as the 

shifting of a patch of atoms or molecules along a geometrical slip plane. In the 

course of the creep the low energy barriers are triggered early and new slip units 

come into action at the lower energy end of the energy spectrum. This end 

represents a “generating barrier” while the high u-end is an “absorbing barrier” 

(Figure 14). A changed deviator stress affects the rate of shift of the energy 

spectrum only to higher u.values provided that the shearing process does not 

significantly reduce the number of slip units. This is the case if the bulk shear 

stress does not exceed a certain critical value, which is on the order of 1/3 of the 

conventionally determined bulk strength [11]. It implies that the microstructural 

constitution remains largely unchanged and that bulk strain corresponds to the 

integrated very small slips along interparticle contacts. In principle this can be 

termed “primary creep”. 
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Figure 14. Example of successive redistribution of 100 barriers of initially equal 

energy in the course of transient creep. 1,2,3 etc denote time stages and n(u,t) the 

fraction of barriers of energy level ui. 

 

For low shear stresses, allowing for “uphill” rather than “downhill” jumps, one 

gets  for the rate of change of  n(u,t) with time: 

 

n(u,t)/t=n[-n(u+u,t)exp[-(u+u)/kT] + n(u,t)exp(-u/kT)] (2) 

 

where: 
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u=width of an energy spectrum interval 

n=vibrational frequency (about E11 per second) 

t=time 

k=Boltzmann’s constant 

T=absolute temperature  

 

Using Eq.(2) and introducing Feltham’s transition probability parameter to 

describe the time-dependent energy shifts and that each transition of a slip unit 

between consecutive barriers gives the same contribution to the bulk strain one 

gets the bulk shear strain rate as in Eq.(3) with t<to as boundary condition:  

 

d/dt=B(1-t/to)     (3) 

 

The appropriate constant B and the value of to depend on the deviator stress , 

temperature and structural details of the slip process. The creep can hence be 

expressed as in Eq.(4): 

 

=t –t2, (t<a/2)    (4)  

 

meaning that the creep starts of linearly with time and then dies out.  

 

For higher bulk loads, the strain on the microstructural level yields some 
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irreversible changes associated with local breakdown and reorganization of 

structural units. Still, there is repair by inflow of new low-energy barriers parallel 

to the strain retardation caused by the successively increased number of slip units 

being haulted by meeting higher energy barriers. This type of creep can go on for 

ever without approaching failure. Following Feltham the process of simultaneous 

generation of new barriers and migration within the transient energy spectrum lead 

to the expression for the creep shear rate in Eq.(5): 

 

d/dt=BT/(t+to)     (5) 

where B=is a function of the shear stress , and to a constant of integration. 

 

This leads to a creep relation closely representing the commonly observed 

logarithmic type, i.e. with the creep strain being proportional to log(t+to).  The 

implication of this expression is that the lower end of the energy spectrum mainly 

relates to breakage of weak bonds and establishment of new bonds where stress 

relaxation has taken place due to stress transfer from overloaded parts of the 

microstructural networks to stronger parts, while the higher barriers are located in 

more rigid components of the structure as illustrated by the bigger asperities in 

Figure 12.      

 

The significance of to is understood by considering that in the course of applying 

deviatoric stress, at the onset of of the creep test, the deviator rises from zero to its 
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nominal, final value. A u-distribution exists at t=0, i.e, immediately after full load 

is reached, which may be regarded as equivalent to one which would have evolved 

in the material initially free from slip units, had creep taken place for a time to 

before loading. Thus, to is characteristic of the structure of the prestrained material 

[11]. For microstructurally sufficiently undisturbed material the creep strain rate 

will drop according to a log time law and continue forever (Figure 15).  
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Figure 15. Generalization of creep curves of log time type. 

 

Further increase in deviator stress leads to what is conventionally termed 

“secondary creep” in which the creep rate tends to be constant and giving a creep 

strain that is proportional to time. Following the same reasoning as for the lower 

stress cases one can imagine that creep of critically high rate makes it impossible 

for microstructural self-repair: comprehensive slip changes the structure without 
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allowing reorganization, which yields a critical strain rate which unevitably leads 

to failure (Figure 16).  

                          

Figure 16. Change from primary to secondary and tertiary creep. 

 

The philosophy behind the use of the described rate process theory is beautifully 

illustrated by the outcome of unconfined compression tests made at Luleå 

Technical University [12]. They comprised recording of acoustic emission (AE) 

from the compressed granitic samples showing that single slip events occur even 

at low stresses and that a crescendo of slip events is recorded when the pressure 

reaches 70-80 % of the compressive strength (Figure 17).   

Log 
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Failure 
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Figure 17. Amplitude of AE events at loading of granitic samples. Loading to 30 

% of the unconfined compressive strength (upper), and to 78 % (lower), [12]. 

 

As concerns the Bjärlöv beam creep took place according to Eq.4 when the load 

was about 1/3 of the failure load, and according to Eq.5 when it was about 2/3 of 
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the failure load. For the failure load the creep rate followed initially Eq.5 but the 

accumulated strain led to so much microstructural damage that total failure 

occurred quickly. This test indicates that a safety factor of 3 is required for 

providing long-term stability.  

 

4.4 Practical consequences 

An example of the consequences of the scale-dependence of rock strength is that 

large boreholes, like the large-diameter deposition holes with 8 m depth for 

hosting heat-producing canisters with highly radioactive waste in SKB’s 

repository in rock, will fail by spalling at significantly lower hoop stresses than the 

laboratory-scale compressive strength of small test samples on which the design 

was based. The consequence is primarily that richly fractured and permeable 

vertical zones will be created along the holes and that the tunnel floor will also 

degrade and become more permeable to a significant distance from the canister 

deposition holes.  
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