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1. Introduction 

 

This study advances towards a better understanding of 

scale effects in the triaxial strength of rock samples and 

investigates modelling approaches to represent the observed 

behavior. It is based on a complete series of triaxial strength 

laboratory tests on different-size granite samples and its 

interpretation in line with previous studies (Gonzalez-

Fernandez et al. 2021), on the one hand. On the other, the 

authors present the development of 3D numerical models to 

reproduce these test results. Typically, previous research has 

addressed either laboratory tests and interpretation, or 

modelling. This study makes the effort of constructing 

comprehensive modelling approaches starting from test 

results and identifying relevant issues all along the 

processes of model building, calibration and results 

interpretation.    

A good number of rock mechanics laboratory studies 

have addressed scale effects on unconfined rock strength 

(Bieniawski 1967, Pratt et al. 1972, Hoek and Brown 1980, 

Brace 1981, Price 1986, Pinto da Cunha 1990, Yoshinaka et 

al. 2008, Masoumi 2013, Quiñones et al. 2017), but only a 

few have focused on triaxial strength (Hunt et al. 1973,  
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Walton 2018). Indeed scale effects on triaxial tests are still 
not clearly understood. The reason behind this can be the 
scarce triaxial laboratory tests at different scale as reported 
by various authors (Brace 1981, Masoumi et al. 2016).  

Seminal scale effect studies on unconfined tests, such as 
that by Hoek and Brown (1980) observed a diminishing 
strength with sample size starting form standard size 
samples (54 mm diameter). This observation was generally 
confirmed in other studies for various types of rocks 
(Yoshinaka et al. 2008). Later, other studies (Masoumi et al. 
2015, Quiñones et al. 2017) noted that for smaller rock 
specimens of intact rock from 15 mm to about 45 to 54 mm, 
UCS tend to be more variable and to increase in average, 
achieving a maximum value of UCS for the standard lab 
sample size. 

Only a few studies have addressed scale effects on 

triaxial strength and those studies are rather limited. Among 

these, Walton (2018) mentioned that scale effects are not so 

apparent for triaxial cases than for uniaxial ones. Habib and 

Vouille (1966) pointed out that scale effects were less 

relevant for high confinement levels. There is a clear need 

of further experimental evidence and research on these 

topics.  

With the aim of advancing in this knowledge, this study 

reviews a complete series of triaxial compressive tests in 

different size granite samples and the basic interpretation 

provided. Then, and building on previous developments of  

standard size samples (Castro Filgueira et al. 2016, 2017), 

the authors develop modelling approaches of these tests 
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Abstract.  Research studies on the scale effect on triaxial strength of intact rocks are scarce, being more common those in 

uniaxial strength. In this paper, the authors present and briefly interpret the peak and residual strength trends on a series of 
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based on a particle flow code, in particular with BPM 

models made with PFC3D in line with Zhou et al. (2018); 

Ajamzadeh et al. (2018) or Xu et al. (2020). Problems faced 

when selecting model strategies to simulate different size 

samples are highlighted and discussed.  

 

 
2. Scale effects on triaxial strength 

 
Rocks are heterogeneous and variable natural materials, 

so their mechanical behavior is often difficult to understand 
and model both at micro and macroscopic levels. Some 
authors attribute these characteristics to rock formation and 
evolution associated to geological conditions, tectonic and 
weathering effects. Due to this generally complex nature, 
the mechanical behavior of a rock specimen, which is being 
loaded or deformed, depends on the volume of the sample 
tested. So, we can assume that rock strength may show 
significant scale effects. This topic is still not completely 
well understood, but these effects widely appear in rock 
mechanics when characterizing and determining properties 
of rock, joints or rock masses.  

Pinto da Cunha (1990) mentioned the three main 
different causes for the variation of mechanical parameters 
in rocks and rock masses associated to scale. The first one is 
the effect related with jointing, representative of the rock 
masses. The second is the shape effect (Obert and Duval, 
1967, Tuncay and Hasancebi 2009), caused by changing the 
specimen geometry, usually the slenderness. In this line, the 
ISRM (2007) suggested methods recommend a height-to-
diameter ratio should of at least 2. Finally, Pinto da Cunha 
(1990) recognized other size-effects not related to the 
geometry or jointing, but just to sample size. 

 

2.1 Studies on scale effects on uniaxial compressive 
strength 

 

Several authors, Bieniawski (1967), for cubic coal 

samples, Pratt et al. (1972), Hoek and Brown (1980) and 

Price (1986) for cylindrical specimens, were among the first 

to study strength scale effects on UCS tests. Recently, new 

studies performed by several authors deepen on scale 

effects (Yoshinaka et al. 2008, Martin et al. 2014, Haeri et 

al. 2018a, b). These studies show that scale effects vary 

according to rock type, texture, micro-flaw occurrence and 

the level of alteration or weathering of the sample. All these 

studies suggest strength decreases when sample size 

increases, according to the so-called weak-link theory 

Weibull (1939). On the other hand, Massoumi (2013) and 

Quiñones (2017) found that the behavior of the smaller 

samples (less than 50 mm diameter) do not follow the 

established model, where strength decreases with size. This 

effect is thought to be related to the presence of large grain 

sizes in relation to sample size, so failure mechanisms can 

be associated to one single mineral grain or one single 

contact between grains.  

 
2.2 Studies on scale effects on triaxial strength 
 

Confinement relevantly affects rock behavior, so it 

should be considered when analyzing strength (Hoek and 

Brown 1980, Fan et al. 2019). Several studies have been 

performed on scale effects in UCS tests, this effect has been 

little studied in triaxial tests. Hunt et al. (1973) performed 

some tests in gypsum samples and Medhurst and Brown 

(1998) studied the triaxial behavior on coal. Being these 

very particular sedimentary rocks, their behavior may not 

represent properly that of granitic rocks. Only a few studies 

have been carried out in sandstone by Masoumi (2013) and 

in granite samples by Walton (2018), carrying out triaxial 

tests at different scales. These seminal studies report that 

strength tend to grow with sample size for 15- to 50-mm 

diameter specimens but then reduce its values when the size 

increase from this threshold size, according to the weak-link 

theory. In what concerns residual strength, a scarce number 

of studies on size dependency are found in literature 

(Masoumi 2013, Walton 2018). Although based on a 

limited number of tests, they suggest no notable trends of 

residual strength as a function of scale.   

 

 
3. Results of peak and residual triaxial strength of 
Blanco Mera granite samples 

 

To collect a representative number of data, the authors 

carried out a laboratory program for four different sample 

sizes of Blanco Mera granite (Gónzalez-Fernández et al. 

2021, Alejano et al. 2021). This is a granite from NW of 

Spain well characterized in the literature (Arzúa and 

Alejano 2013). The grain distribution is scattered and the 

grain size typically varies from 1 to 6 mm for quartz and 

from 1 to 3 mm for feldspars, with smaller micas. A general 

good knowledge of the basic rock mechanics parameters of 

this granite is available (Arzúa and Alejano 2013, Alejano et 

al. 2017). 

The sample diameters chosen for the testing program 

were 30, 38, 54 and 84 mm: see Fig. 1(a). For each 

diameter, around 30 samples were obtained for testing with 

a length-to-diameter ratio of at least 2. Standard triaxial 

tests were carried out for each group. For each sample size, 

typically 2 to 4 triaxial tests were performed for 

confinements between 0.2 and 15 MPa, with 2.5-MPa 

intervals. The authors performed about 25 triaxial strength 

tests for each sample size, including straining it until 

achieving a residual state. Hoek’s cells and the 

corresponding sleeves for the larger size were manufactured 

specifically for the study: see Fig. 1(a).  

 
3.1 Laboratory set up 
 

A 2,000 kN press framework was used for testing: see 

Fig. 1(b) equipped with load cells and different strain 

measurement systems. The press is servo-controlled, a 

capability used to control test velocity. A dedicated software 

collects data while testing in terms of confinement, load and 

strains. To record strains, four gauges (two glued vertically 

and two diametrically were used). For further analysis of 

deformation after specimen failure, the volume displaced 

out of the Hoek’s cell was also recorded. Unloading and 

loading cycles were performed, for possible further analysis 

in the post-peak phase. For the purposes of this study, peak  
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Fig. 1 (a) Different size specimens, sleeves and Hoek’s cells to be tested and (b) Testing system and associated elements 

Table 1 Mean results for each specimen size and confinement, for both peak and residual strengths, together with 

the coefficient of variation (CV) 

Specimen diameter 

[mm] σ3 [MPa] 
σ1

peak [MPa] σ1
res [MPa] 

Mean CV Mean. CV 

30 

0.2 95.41 14.20 12.50 20.13 

2.5 117.69 36.19 25.50 25.50 

5.0 170.99 12.39 43.75 11.71 

7.5 176.58 27.22 59.67 42.08 

10.0 231.62 8.23 70.50 17.89 

12.5 255.68 10.76 75.50 2.81 

15.0 294.77 2.79 86.25 14.77 

38 

0.2 119.90 5.30 14.75 3.39 

2.5 156.82 8.41 28.33 21.57 

5.0 184.36 11.51 45.75 23.36 

7.5 208.87 19.50 58.00 26.09 

10.0 243.72 2.77 67.25 17.86 

12.5 280.84 2.88 77.67 6.48 

15.0 293.56 2.40 89.75 6.89 

54 

0.2 131.27 13.24 21.13 50.26 

2.5 173.82 16.06 34.67 16.40 

5.0 164.38 9.87 49.75 37.97 

7.5 215.81 12.96 56.00 12.88 

10.0 235.14 10.87 64.25 10.58 

12.5 260.07 4.16 70.00 10.10 

15.0 278.08 14.52 87.50 11.22 

84 

 

0.2 85.81 28.36 8.75 41.07 

2.5 142.46 11.28 29.00 9.12 

5.0 163.57 10.44 45.00 20.04 

7.5 213.77 11.82 60.33 17.88 

10.0 216.39 8.76 66.00 17.19 

12.5 239.77 7.42 77.33 14.24 

15.0 278.55 9.75 88.25 3.86 
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and residual strengths were computed and analyzed in 

relation with the specimen size. 

 
3.2 Studies on scale effects on triaxial strength 
 
Both average peak and residual strength average values 

are shown in Table 1, together with their coefficients of 
variation (standard deviation over mean) for the 97 tests. 

Peak strength results (Gonzalez-Fernandez et al. 2021), 
were published with a preliminary interpretation, showing 
that scale effects are relevant at low confinement, but 
milder for higher confinements in line with Habib and 
Vouille (1966). Residual strength results were interpreted 
within a broad data base of residual response of granitic 
rocks by Alejano et al. (2021), concluding that residual 
strength appears to be independent of specimen size, 
particularly at high stresses in line with other published 
studies (Gao and Kang 2016). 

 

3.3 General trends 
 

The Hoek-Brown failure criteria is typically used to 

represent strength in rock and rock masses (Hoek and 

Brown 1997, Ranjbarnia et al. 2020, Chinaiei et al. 2021), 

so it is also used in this study. The peak strength results, are 

interpreted regarding scale and confinement. In Fig. 2 the 

values of mean peak and residual strengths for different 

confinements are graphed against sample size. Peak and 

residual strength grows with confinement as expected (Fig. 

2). A special case happens in strength peak values at 2.5 and  

 

 

 

5 MPa, where both of the curves crosses, something that 

can be attributed to the natural variability of the rock. 

The double scale size effect (Masoumi 2013) is clearly 

identified for low confinement levels. This means that 

strength grows from smaller samples (30 mm diameter) to 

mid-size samples in the range 45-55 mm diameter (NX or 

54 mm diameter in this case) and then it mildly decreases 

for larger samples (84 mm diameter). This phenomenon is 

clearly observed for low confinement tests (0.2-5 MPa), but 

not so clearly marked for higher confinements (10-15 MPa). 

To compile results, the Hoek-Brown failure criterion 

was fit to strength results for every size group. Hoek-Brown 

parameters σci and mi, are obtained by fitting the basic 

Hoek-Brown equation (Hoek et al. 2002) 

3

0.5

1 3 1i
ci

ci

m
   



 
   

 
 (1) 

To do this fitting we resort to the Matlab application 

Curve Fitting tool, which fits the results to Eq. (1) by 

iterating the mi and ci values. This tool minimizes the non-

linear least square error by comparing the results. It should 

be noted that value of Hoek-Brown s parameter for intact 

rock is equal to 1. The results of the fits, including the 

parameters and coefficients of determination, together with 

the laboratory results data, represented in Hoek-Brown axes, 

are presented in Fig. 3 for every specimen size. 

It should be noted that the values of the mi and ci here  

  

 
(a) (b) 

Fig. 2 Mean results for each specimen confinement graphed against size: (a) peak strength and (b) residual strength 

 
Fig. 3 Representation of peak strengths together with Hoek-Brown fits for each specimen size 
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Table 2 Hoek-Brown parameters obtained for residual 

strengths 

H-B 

parameter 
30 mm 38 mm 54 mm 84 mm 

m 53.73 38.31 27 45.52 

σci [MPa] 78.08 112.2 127.7 85.9 

GSI 29.77 30.77 35.41 32.28 

R2 0.985 0.9863 0.8638 0.9959 

 

 

obtained slightly differ from those showed in Gonzalez-

Fernandez et al. (2021), where they were obtained by fitting 

a line to the transformed data set. 

As it is observed in Fig. 3, the computed σci follows the 

same trend as that observed for peak strength in 0.2 MPa 

and for other strength studies (Quiñones et al. 2017), it 

grows from 30 mm to 54 mm and then it decreases in 84 

mm. Also for high confinements, the values of the fit have 

more or less the same trend, but not so marked. Regarding 

the mi parameter, it follows an opposite trend with respect to 

the uniaxial compressive strength. It has a high value for 30 

mm samples (mi = 53.73), then it decreases for 38 mm 

samples (mi =38.31), continue to decrease for 54 mm (mi 

=27) and then grows again in 84 mm (mi =45.52). 

For residual strength, the generalized Hoek-Brown 

criterion for rock masses (Hoek et al. 2002) is fit 

3

3
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ci

m s
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 (5) 

This criterion is more suitable to assess the residual 

strength because it encompasses the geological strength 

index (GSI), an index of the rock mass quality, related to 

the jointing or fracturing level of the rock mass or of the 

broken material, such as in this case. Accordingly, the 

generalized H-B criterion is used to fit the residual strength 

data instead of the basic H-B criterion (Hoek et al. 1995), 

more suitable for intact rocks. 

To compute and obtain the values of the parameters for 

the generalized H-B criterion, GSI, mb, s and a, it was used 

the same method as in H-B criterion. In this case, the Eqs. 

(3)-(5) were cleared on the Eq. (2), and using the 

parameters of the H-B criterion calculated before, we have a 

GSI dependent equation. 

The results of the values of the GSI and the coefficients 

of determination (R2) are presented in Table 2, showing that 

the GSI residual values are sensibly constant and ranging 

from 30 to 35 in line with Alejano et al. (2021). These 

values would correspond to those found in nature for a 

fractured rock mass, according to the GSI classification. 

The coefficients of determination (R2) are very close to one 

for 30, 38 and 84 mm. For the 54 mm case, R2 is slightly 

smaller, something attributed to rock variability, but it is 

large enough to ensure that the GSI value correlates 

reasonably well with the obtained lab residual data. 

 

 
4. PFC modelling of granite samples 

 
With the objective of trying to improve our modelling 

capabilities and also aiming to understand how scale effects 

affect particle model simulation results, numerical modelling 

simulations of the presented tests with PFC3D were devised 

and carried out following previous works with standard size 

sample models (Castro-Filgueira et al. 2016, 2017, 2020). The 

basic idea was to analyse the role of scale in these particle 

simulations, in line with other studies (Haeri et al. 2018a, c).  

PFC3D is a distinct element program, where a model 

simulates the movement and interaction of finite-sized 

particles, which are rigid bodies that interact at pair-wise 

contacts (Itasca 2019). Previous mechanical behavior models 

of intact rock samples carried out by different authors 

(Potyondy 2015, Hazzard et al. 2000, Cho et al. 2007, Shöpfer 

et al. 2009) showed the interest of the approach and reasonable 

reliability of the PFC models in order to simulate the rock 

behavior by means of BPM (Bonded Particle Models). In 

particular, the flat-joint models proofed their capability to 

reproduce the increase on strength of rock sample in relation to 

confinement (Potyondy 2018, Wu and Xu 2016, Yang et al. 

2019, or Peng et al. 2017), something that previous models 

were not able to achieve. 

 
4.1 PFC modelling of specimens 
 
Some numerical studies were developed in the past by part 

of the authors of this paper to numerically model the behavior 

of Blanco Mera granite by means of particle models. To 

develop this investigation, the PFC3D software was selected, 

starting with available parallel-bond contact models of intact 

rock samples that provided results published in Castro-

Filgueira et al. (2016). Despite the fact that the parallel-bond 

contact model can simulate rocks, some deficiencies were 

observed to mimic the actual triaxial strength behavior of a 

hard rocks like granite. 

The parallel-bond contact model provides the mechanical 

behavior of a cement that establish an elastic interaction 

between the particles and transmit both forces and moments 

between the grains (Potyondy 2015). When this cement breaks, 

it is removed and it does not provide resistance to rotation 

anymore: see Fig. 4(a), which avoids an appropriate 

representation of the frictional behavior of rock (Wu and Xu 

2016). However, in the flat-joint contact, the grains have faces, 

drawn as spherical cores with skirted faces, so the interface is 

discretized into elements that can be bonded or unbonded: see 

Fig. 4(b) (Potyondy 2015). Accordingly, even an interface 

completely broken still resists relative rotations. Due to the 

resistance to rotations after bond breakage, this contact model  
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better simulates the frictional and post-failure behavior of hard 

rocks like the Blanco Mera granite (Castro-Filgueira et al. 

2017, Li et al. 2018).   

Consequently, after the first studies, the contact model was 

updated to the more evolved and accurate flat-joint contact 

model. For this case, the number of micro-parameters to be 

calibrated is higher, so the calibration procedure –that is an 

oriented trial-and-error process– is time consuming. In order to 

reduce this time, a sensitivity analysis approach of the micro-

parameters was carried out that simplified the calibration 

process (Castro-Filgueira et al. (2017), where the authors 

found out some influence of strength and stiffness micro-

parameters on macro-properties, that help to guide the 

calibration process. 

In order to reduce the total number of calibration 

simulations to perform, Coetzee (2017) proposed a 

comprehensive calibration procedure by performing 

simulations of loose granular materials in a specific order to 

isolate certain parameters, starting from particle size and 

distribution, then particle density, followed by contact 

friction and particle stiffness. 

In particular, the micro-properties of the intact rock and 

joints in the studied samples are chosen via such a 

calibration process by matching laboratory test results 

(intact rock uniaxial and compressive strength, Young’s 

modulus, Poisson’s ratio and post-failure trends) following 

the procedures outlined by Potyondy and Cundall (2004) 

and further developed by Mas-Ivars et al. (2013) for the 

case of rock.   

This approach was followed by the authors (Castro-

Filgueira et al. 2017), in combination with suggestions on  

micro-parameters by Wu and Xu (2016) for a first 

 

 

calibration and a sensitivity analysis focusing granitic rock, 

which was carried out to reflect the influence of relevant 

inputs on controlled outputs.  

Note that in the presented simulations, the elastic, 

uniaxial and triaxial strength and post-failure response are 

considered for different scales, unlike in many published 

simpler studies where only elastic or elastic and uniaxial 

strength (Yoon 2007, Ding et al. 2014) are considered for 

one sample size, so the level of accuracy is logically smaller. 

However, identified trends are relevant in order to advance 

towards more realistic models, particularly those accounting 

for scale. 

A basic problem of models resorting to parallel-bond 

contacts was identified when carrying out first simulations 

of rocks with particle flow codes, associated to a low value 

of friction. This produced low macroscopic friction values, 

low unconfined compressive strength to tensile strength 

ratios (UCS/UTS) and linear strength envelopes with low m 

values (Wu and Xu 2016, Castro-Filgueira et al. 2017). The 

flat joint contact model (Potyondy 2018) was developed to 

overcome these problems partially associated to the use of 

parallel bond model and several authors show that it can 

better represent rock strength response (Wu and Xu 2016, 

Li et al. 2018). 

Li et al. (2018) propose a calibration procedure to 

calibrate the micro-parameters for the flat-joint model for 

both uniaxial compression and tensile test simulations 

accounting for model size and resolution. The findings in Li 

et al. (2018) are in line with some results of this study. 

However, they do neither consider triaxial compression do 

nor analyze post-failure behavior trends. 

 
Fig. 4 (a) Parallel-bond contact before (left) and after (right) bond breakage and (b) Flat-joint contact. Both according to 

Potyondy (2015) 
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Various authors have advanced towards artificial 

intelligent (AI) based techniques in order to improve 

calibration procedures, for instance Kim et al. (2021), Xu et 

al. (2021) or  De Simone et al. (2019) focusing the Elastic 

Young’s moduli and the UCS in a micro-mechanical model 

approach. Similar AI-based approaches were tested to other 

numerical modelling techniques (Miranda et al. 2010, 2011), 

but they tend to suffer from the same limitations. Indeed, 

while these methods are promising, they usually address a 

limited number of output parameters, and they found 

difficulties when trying to reflect the whole behavior of 

rock in terms of elasticity, unconfined and triaxial 

compressive strength and post-failure behavior trends, as 

the study presented here.   

Finally, taking into account this study, the calibration of 

the granite with the flat-joint contact model was done. The 

obtained values of the micro-parameters are presented in 

Table 3, which have been recently published in a study 

(Castro-Filgueira et al. 2020), where the models of intact 

rock were extended to the behavior of artificially fissured 

samples. These micro-properties presented in Table 3 are 

the ones used for all the models carried out for this study. 

Additionally, differences arise between the previous study 

and the present one in that the version of the software was 

PFC 5.0 for the former and PFC 6.0 for this one. 

 

 
4.2 Previous strength results on standard size 

samples 
 
After calibrating the models, uniaxial and triaxial tests 

on intact and fissured specimens were conducted (Castro-
Filgueira et al. 2020). The obtained results for intact 
specimens are shown in Table 4. The procedure to obtain 
the strength parameters was the same as that carried out in 
laboratory, including previous confinement of the sample 
and then loading the specimens at a constant strain rate.  

The results analyzed here includes peak strength (σ1
peak), 

which is taken as the maximum axial strength observed in 

the test, and residual strength (σ1
res) normally coincident 

with the occurrence of a strength plateau in the stress-strain 

curve.  
To compute this value of residual strength at this plateau, 

the end of compression test is controlled by the so-called load-
termination factor, a constant that multiplied by the expected 
peak strength provides an estimate of the estimated range of 
residual strength. This parameter was calibrated test-by-test, 
getting a range from 0.02 –for lower confinements and 
specimen diameters, where rock behaves more fragile– to 0.10 
–for higher confinements and diameters, where rock is harder–. 
These values imply higher simulation times, around 6-8 hours 
each, but it allows to get the complete stress-strain curve in a 
conservative way. It is relevant to mention that the load-
termination factor values used cannot necessarily be 
generalized to study other rocks and it should be fine-tuned 
according to the given confinement range, even if they can be 
roughly indicative for hard rock PFC3D models. 

The indicated updated tests results in terms of peak and 

residual strength for standard size samples are presented 

together with laboratory averages in Table 4. 

The peak strength results obtained from the PFC 

simulations reasonably fit the laboratory ones. When no 

confinement is applied (UCS), the higher difference in the 

results is observed, but generally the found differences are 

lower than the natural variability of the rock observed at 

laboratory scale. Regarding the residual strength, more 

variability is observed in the laboratory and test results. The 

authors consider that the general trends are reasonable well 

reflected, but they also recognize there is further room for 

improvement. 

Table 3 Micro-parameters of the flat-joint model calibrated to obtain the Blanco Mera granite response (from 

Castro-Filgueira et al. 2020) 

Packing Linear model Flat-joint model 

Parameter Value Parameter Value Parameter Value 

ρ [kg/m3] 2600 En* [GPa] 53 E* [GPa] 53 

Dmax/Dmin 1.66 Kn 1.7 K 1.7 

g0 [mm] 0.5 μn 0.5 σt_c [MPa] 4±20% 

Nα 3   c [MPa] 132±20% 

Nr 1   ϕ (º) 47 

ϕB 1   μn 0.5 

ϕG 0     

Eb* [GPa] 79.5     

Pm [kPa] 100     

Table 4 Peak and residual strength results for intact rocks 

tested in laboratory vs PFC simulations (modified from 

Castro-Filgueira 2020) 

σ3 [MPa] 
σ1

peak [MPa] σ1
res [MPa] 

Laboratory PFC Laboratory PFC 

UCS 109.21 124.25 - - 

2 180.18 180.40 36.50 24.55 

4 210.07 211.96 48.50 33.90 

6 230.58 236.48 65.00 51.38 

10 265.88 278.52 91.75 97.43 

12 299.71 297.54 97.00 126.69 

14 311.62 317.01 180.00 154.27 
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Table 5 Hoek-Brown parameters obtained for laboratory 

and PFC simulations (modified from Castro-Filgueira 2020) 

H-B 

parameter 

σ1
peak σ1

res 

Laboratory PFC Laboratory PFC 

mi 43.86 40.44 43.86 40.44 

σci [MPa] 125 134.8 125 134.8 

GSI - - 49.83 47.82 

R2 0.974 0.990 0.7052 0.7857 

 

 

In order to further interpret the results, they have been 

analyzed with the generalized Hoek-Brown criterion, as 

explained in Castro-Filgueira et al. (2020) and in line with the 

lab data fitting presented above. The parameters were fitted 

with MATLAB software, showing the results in Table 5, 

together with the coefficients of determination (R2). It should 

be mentioned that for the residual strength fitting, the values of 

σci and mi were fixed and derived from the corresponding intact 

rock results, in order to obtain comparable GSI values. 

As observed in Fig. 5 and Table 5, both for laboratory and 

numerical peak strength, the fitting is relatively good, 

providing high coefficients of determination. When comparing 

H-B parameters for both data sources, the comparison is 

reasonably good considering the variability of the material.  

In what concerns residual strength fitting, it was expected 

not to be as good as for peak strengths due to the more random 

nature of the failure process (i.e., due to differences in strain 

localization patterns) (Alejano et al. 2021). 

For the case under scrutiny, the fit GSI values for lab and 

model results were quite similar, near 50, regardless of the 

lower values of the coefficients of determinations, compared to 

those for peak strength. Based on these results promising, the 

authors continue the research attempting to model scale effects 

on triaxial peak and residual intact rock strength. 

 

4.3 Modelling of different scale specimens 
 

A simulation plan was developed to model the results of 

the different size sample triaxial tests presented above. To 

do that, we resorted to micro-parameters calibrated in the  
previous study (Castro-Filgueira et al. 2020) and already  

 
 
presented in Table 3. In this study the used code was 
PFC6.0 instead of PFC 5.0 to run our models, in such way 
that the new code provides not exactly equal results, even if 
practically equal in average. In this context, the authors 
have used the micro-parameters derived from the previous 
study with PFC 5.0, but the original 54 mm diameter size 
models (Castro et al. 2020) were recomputed to make 
consistent the comparison with new data.  

However, a question raises when considering 

appropriate PFC3D particle sizes for modelling different 

scale specimens: should the diameter of the particles be 

adapted to the specimen size or should it be kept constant?  

So, in order to investigate which of these approaches 

could be more suitable to simulate the stress-strain behavior 

of different size samples, two different models were 

considered. In the first one, we keep constant the maximum 

and minimum diameter (Dmax and Dmin) of the particles for 

all specimen sizes –Case 1–, and in the second approach, 

we keep constant the characteristic resolution, φv, –Case 2–, 

that is, the number of grains through the relevant dimension 

of the specimen, i.e., its minimum dimension.  

The characteristic resolution is computed as 

 , ,
Φv

g

min H W D

D
  (6) 

Where, 
gD  is the mean particle size, and min(H,W,D) is 

the minimum dimension of the discretization area, 

corresponding in our case to the specimen diameter. It 

should be mentioned that, although the characteristic 

resolution or diameters vary, the relation Dmax/Dmin keeps 

constant and equal to 1.66, as in previous works, because 

this ratio is the one that has shown to better represents a 

hard rock (Potyoundy and Cundall 2004). In Table 6 the 

particle diameters and characteristic resolutions for each 

specimen size and type of study are summarized.  

Fig. 6 shows the particle packing of the PFC3D models 

of a 30 mm diameter sample for constant particle size 

distribution (Case 1) and for constant characteristic 

resolution (Case 2). As observed the number of particles 

considered is much smaller in the first case where the 

dimension of PFC3D balls has been kept constant as for the 

 
 

(a) (b) 

Fig. 5 Representation of generalized Hoek-Brown fit for laboratory (black) and numerical simulation (red) together with 

the mean values for each confinement (based on Castro-Filgueira et al. 2020) 
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Table 6 Particle diameters and characteristic resolutions for 

each case 

Specimen 

radio [mm] 

Case 1 Case 2 

Dmax 

[mm] 

Dmin 

[mm] 
φv 

Dmax 

[mm] 

Dmin 

[mm] 
φv 

30 6.74 4.06 5.56 3.74 2.26 10 

38 6.74 4.06 7.04 4.74 2.86 10 

54 6.74 4.06 10 6.74 4.06 10 

84 6.74 4.06 15.56 10.48 6.32 10 

 

 

standard case (54 mm). In Case 2 the rough number of 

particles used for a 54 mm diameter intact rock sample has 

been kept for a 30 mm (and also for 38 and 84 mm) 

diameter samples, so the so-called characteristic resolution 

is kept constant for this modelling approach named Case 2. 

Fig. 7 shows the axial stress-axial strain curve results for 

a 30-mm diameter sample at a confinement of 10 MPa as 

obtained from the lab (samples G30) and as derived from 

PFC3D models for constant particle size distribution (Case 

1) and constant characteristic resolution (Case 2), by means 

of the particle assemblies presented in Fig. 6(b).  

For the lab tests, the four actual lab tests carried out, 

including some unloading-reloading cycles, are presented. 

For the PFC models, the 10 model repetition results are 

shown for each case.  

In the following subsections, the results for both 

approaches are presented, as well as a discussion including 

the Hoek-Brown failure criterion and a suggestion of future 

lines of the numerical study. It must be highlighted that the 

results for specimen size of 54 mm are the same for both 

modelling approaches (Case 1 and 2), due to the fact that 

this sample size is the one used in the previous works, 

corresponding to typical laboratory sample sizes.  

In this case, the procedures to obtain the parameters of 

study were the same than for laboratory works. σ1
peak was 

obtained as the maximum axial stress recorded. The 

residual strength; σ1
res, was estimated as the value of the 

axial stress when the strength gets a value more or less 

constant. For all strength results (peak and residuals), mean 

values are presented together with the coefficient of  

 

 

determination for the time-consuming 560 compression-test 

simulations compiled in this study. 

 

4.3.1 Packing keeping constant particle size 
In the first attempt to simulate the scale effect, all 

specimens were assigned the same micro-properties. Taking 

as the starting point the simulations by Castro-Filgueira et 

al. (2020), the different size samples were modelled by 

keeping constant the maximum and minimum particle 

diameters. Considering the same diameters for the four 

sizes (30, 38, 54 and 84 mm) implies that the resolution 

characteristic in each situation varies, as shown in Table 6–

Case 1. 

The obtained results are shown in Fig. 8 and Table 7. In 

these situations, the peak strength tends to increase 

systematically with the specimen diameter, as Fig. 8(a) 

clearly depicts. Comparing these results obtained in the 

simulations with the laboratory ones (Tables 1 and 7), for 

30 and 38 mm the increasing trend is similar for both cases 

– considering the natural variability of the material–, and 

for 84 mm peak simulations strengths are quite larger than 

those obtained in actual tests. The higher variability among 

the peak strengths can be found for the lowest confinement 

in the smallest specimen (30-mm tested at 0.2 MPa), 

something that is also true for laboratory tests.  

However, for the residual strength results, the values 

derived from the simulations are lower than those obtained 

in the laboratory actual tests. Analyzing the simulation 

results in Fig. 8(b), a scale effect cannot be clearly 

identified, as it is also the case with the laboratory results. 

The variability of the results tends to be again higher for 

lower confinements and for the smaller specimens (30 and 

38 mm), in line with the experimental lab residual strength 

results. 

 

4.3.2 Packing keeping constant characteristic 
resolution 

After constant resolution simulations, a new approach 

was chosen. Now, the characteristic resolution was varied, 

i.e., the particle size is adjusted to the model size. Keeping 

constant characteristic resolution implies that the maximum 

and minimum values of the particle diameters vary, as  

 
Fig. 6 Particle packings for (a) the constant size distribution approach and (b) for the constant resolution approach of a 30 

mm diameter sample 
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shown in Table 6–Case 2, increasing as the specimen 

diameter grows. The obtained results are shown in Fig. 9 

and Table 8. 

In contrast to the previous situation, the peak strength 

decreases with the increase of the specimen diameter, as 

shown in Fig. 9(a). This involves that the results for 84 mm 

specimens in the laboratory and simulation results are quite 

similar, and for 30 and 38 mm, simulations results are 

higher (Tables 1 and 8). 

For the residual strength, although there is more  

 

 

variability in the results for the smallest diameters: see Fig. 

9(b) and Table 8, it is lower than for the other approach. As 

observed when keeping constant the particle size, the results 

from these simulations do not show any relevant scale 

effect when considering the residual strength: see Fig. 9(b). 

For engineering purposes, modelling keeping a constant 

characteristic resolution seems a good starting option, even 

if more research is needed to fine tune results. The authors 

think that more advanced contact models could facilitate 

PFC modelling approaches in the future.   

 
(a) 

 
(b) 

 
(c) 

Fig. 7 Axial stress-axial strain curve for a 30 mm sample confined at 10 MPa: (a) results of 4 lab tests, (b) results of 10 

numerical models for constant grain size and (c) results of 10 numerical tests for constant characteristic resolution 
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Table 7 Strength results for intact rock PFC simulations 

keeping constant the particle size 

Specimen 

diameter 

[mm] 

σ3 [MPa] 
σ1

peak [MPa] σ1
res [MPa] 

Mean. CV [%] Mean. CV [%] 

30 

0.2 93.16 31.59 5.00 75.40 

2.5 142.14 16.47 18.42 78.09 

5.0 177.25 12.79 32.20 38.61 

7.5 205.16 10.94 51.63 44.20 

10.0 228.20 9.83 62.82 43.16 

12.5 250.73 10.94 77.05 38.89 

15.0 272.52 9.94 87.16 40.93 

38 

0.2 107.94 11.72 6.25 64.30 

2.5 160.78 5.89 24.16 26.38 

5.0 198.52 5.94 43.32 32.74 

7.5 227.37 5.53 55.73 25.02 

10.0 254.59 4.76 65.20 29.18 

12.5 278.84 4.50 74.55 34.40 

15.0 299.82 4.67 79.64 31.28 

54 

0.2 140.60 7.41 11.41 46.81 

2.5 189.84 4.18 27.63 8.03 

5.0 225.62 4.30 36.89 19.75 

7.5 253.79 3.77 50.05 10.25 

10.0 279.31 3.86 58.13 9.50 

12.5 304.99 3.40 62.81 13.24 

15.0 326.66 3.65 75.98 11.65 

84 

 

0.2 160.44 1.76 6.21 31.32 

2.5 207.07 1.28 21.96 14.01 

5.0 241.57 1.28 37.98 13.36 

7.5 270.30 1.37 49.54 14.41 

10.0 296.34 1.09 55.20 11.54 

12.5 319.64 1.18 68.13 8.36 

15.0 341.58 1.16 75.09 4.04 
 

 
Fig. 9 Peak (a) and residual (b) strengths for different 

confinements and scales, considering constant the 

characteristic resolution 

 

Table 8 Strength results for intact rocks PFC simulations 

keeping constant the characteristic size 

Specimen 

diameter 

[mm] 

σ3 [MPa] 
σ1

peak [MPa] σ1
res [MPa] 

Mean CV [%] Mean. CV [%] 

30 

0.2 217.18 9.70 6.04 49.34 

2.5 269.20 6.52 27.54 27.82 

5.0 307.29 5.16 39.30 23.94 

7.5 340.17 4.47 54.45 13.89 

10.0 369.28 3.60 66.96 16.17 

12.5 397.06 3.56 71.92 22.16 

15.0 422.78 3.29 78.98 12.81 

38 

0.2 182.28 3.41 7.25 36.50 

2.5 230.31 1.70 25.10 25.37 

5.0 266.86 2.66 36.58 8.68 

7.5 297.61 2.60 51.01 20.00 

10.0 325.07 2.40 66.24 20.41 

12.5 351.50 2.70 75.40 12.78 

15.0 376.33 2.73 87.41 16.95 

54 

0.2 140.60 7.41 11.41 46.81 

2.5 189.84 4.18 27.63 8.03 

5.0 225.62 4.30 36.89 19.75 

7.5 253.79 3.77 50.05 10.25 

10.0 279.31 3.86 58.13 9.50 

12.5 304.99 3.40 62.81 13.24 

15.0 326.66 3.65 75.98 11.65 

84 

 

0.2 98.28 9.18 6.21 31.32 

2.5 149.77 5.09 21.96 14.01 

5.0 183.46 4.42 37.98 13.36 

7.5 210.63 3.58 49.54 14.41 

10.0 235.17 3.56 52.98 17.34 

12.5 257.19 3.53 64.04 4.48 

15.0 279.01 3.76 70.30 14.62 

 

 
Fig. 8 Peak (a) and residual (b) strengths for different 

confinements and scales, considering constant the 

particle size 
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4.3.3 Discussion 
At a first sight, it seems that none of the proposed 

simulation approaches can represent the double scale effect 

observed in laboratory for the peak strength of the rock. 

Nevertheless, if we bring together both cases –as presented 

in Fig. 10 for a 2.5 MPa confinement as an example–, the 

double specimen size effect reported by Masoumi (2013) 

can be obtained. So, as a first approximation, we can 

suggest that the smallest specimen should be simulated 

keeping constant the maximum and minimum diameters of 

the particles, and for the larger specimens adjust these 

diameters to the specimen diameters, i.e., the characteristic 

resolution. 

This effect can be better understood when fitting Hoek-

Brown strength criteria to modelling and laboratory results. 

These fits have been obtained following the same procedure 

above explained for laboratory results. In Fig. 11, the Hoek-

Brown fits for each specimen size, both for peak and 

residual strengths, are illustrated. Fit results are compiled in 

Table 9. 

 

 

 

The relative lack of fit under UCS conditions can be 

better justified by considering the relative influence of pre-

existing damage typically more relevant for unconfined 

tests than for confined behavior (Xu et al. 2018). 

In Fig. 11(a) peak strength laboratory and numerical 

results are represented in  axes and Hoek-Brown 

failure criteria surfaces are fit for each case and sample size. 

In Fig. 11(b) equivalent residual strength data are illustrated. 

In Fig. 11(a) for the smaller specimen sizes (30 and 38 mm), 

the H-B fit for constant diameter models (blue) are similar 

to the laboratory ones, something not happening for the 

larger diameter samples. 

The results from the constant resolution diameters are 

the ones better representing laboratory results. 

There exist proposals that could implement this type of 

observed size effect in the Hoek Brown criterion, as that 

proposed by Maosumi et al. (2016) for a particular 

sandstone. However, the implementation of this approach is 

not simple and should be done in an individual rock basis. 

 

Fig. 10 Peak strength trends at 2.5 MPa confinement for laboratory and both PFC cases of study 

 

 
Fig. 11 Average values from laboratory (black) and simulations keeping constant the particle size (blue) and keeping 

constant the characteristic resolution (green) together with H-B fits for each specimen size for peak (a) and residual (b) 

strengths 
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Regarding the residual values, the generalized Hoek-

Brown was fitted, in order to get the GSI. As shown in Fig. 

11(b), the H-B fits for both simulations approaches tend to 

be slightly below the actual laboratory ones.  

This is also reflected in the GSI values, which are under 

28 for the simulations, and above 30 for the laboratory 

results. Despite these discrepancies, a clear scale effect 

cannot be observed in any case (both laboratory and 

simulations). 

Based on the results presented, we hypothesize that 

developing models using a constant characteristic resolution 

could be an appropriate approach for practically simulating 

micromechanical processes in rock for specimens of 

different sizes. However, we acknowledge further research 

is required to establish the validity of such an approach in a 

definite manner. 

The results obtained justify experimental test results. 

The presented approach used informedly provides 

acceptable results. Other possible approach is the potential 

use of Correlated Random Fields (CFR) for calibrating the 

micro-properties of the rock, as Le Goc et al. (2015) 

showed that CFR can reproduce the decrease of UCS of 

rock masses with specimen size. Other approaches in line 

with Haeri et al. (2018a, b) represent potential research 

lines for further study, even if more suitable for concrete 

than for rock. …. 

 

 

5. Conclusions 
 
Although scale effects on rock strength have been object 

of a good number of publications, most of these studies 

focused on UCS tests. Trying to further understand this  

 

 

effect for confined strength, the authors present a study on 

the scale effects on a granite for 4 different size samples 

(30, 38, 54 and 84 mm diameter samples) tested in lab at 

different confinement stresses (from 0.2 to 15 MPa). 

From the laboratory results, the peak strength results 

present the so called double-scale effect introduced by 

Masoumi (2013), who reported increasing strengths from 30 

to 54 mm, and then decreasing strength for higher sizes. 

However, residual strength results did not show any 

relevant scale effect. 

The reason behind the observed results in simple terms, 

is thought to be associated to the grain size in relation to 

sample size. Whereas the decreasing trend of peak strength 

for larger samples is attributed to the so-called weak-link 

theory, where flaws in the sample can be found in an easier 

manner for larger specimens; the general although scattered 

inverse scale effect in smaller samples is thought to be due 

to effects of large grain sizes in relation to sample size. 

To further study the scale effect, the laboratory tests 

were simulated with PFC-3D, considering two cases of 

study: keeping constant the maximum and minimum 

diameter of the particles, and keeping constant the 

characteristic resolution.   

It is relevant to note that in this simulation approach the 

elastic, uniaxial and triaxial strength and post-failure 

response are considered for different scales, unlike in other 

limited scope studies where only elastic parameters or 

uniaxial compressive responses are accounted for in the 

calibration process. 

For both modelling approaches, a scale effect was 

appreciated, but not the expected effect registered in 

laboratory. However, if we consider both cases together, we 

can get the desired effect. For smaller diameters, under NX 

Table 9 Hoek-Brown parameters obtained from PFC simulations for each specimen size 

Specimen diameter [mm] H-B parameter 
σ1

peak σ1
res 

Case 1 Case 2v. Case 1 Case 2v. 

30 

m 42.2 36.63 42.2 36.63 

σci [MPa] 93.04 220 93.04 220 

GSI - - 27.62 14.9 

R2 0.9973 0.9965 0.9444 0.993 

38 

m 44.1 35.81 44.1 35.81 

σci [MPa] 108.4 183.6 108.4 183.6 

GSI - - 24.05 19.03 

R2 0.9969 0.9976 0.9929 0.9846 

54 

m 36.98 36.98 36.98 36.98 

σci [MPa] 142.3 142.3 142.3 142.3 

GSI - - 17.96 17.96 

R2 0.9965 0.9965 0.9805 0.9805 

84 

m 33.9 41.09 33.9 41.09 

σci [MPa] 162.6 99.45 162.6 99.45 

GSI - - 17.24 19.83 

R2 0.9956 0.9961 0.9948 0.992 
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or 54 mm diameter the authors suggest modelling by 

keeping constant Dmax and Dmin Nevertheless, for larger 

diameter, above 54 mm, the authors suggest carrying out 

simulations by keeping constant the characteristic 

resolution. 

From a broader rock mechanics modelling perspective, 

these results suggest that the correct approach for modelling 

typical rock problems would be that of keeping constant the 

characteristic resolution. This produces the typically 

observed and widely acknowledged effect of strength 

reduction with increasing size of the modelled object. 

The inverse effect typical of smaller samples has only 

recently been identified and it is associated to particular 

failure modes at the scale of rock grain sizes. Although it 

clearly exists and it has been reported, it may not be 

relevant at typically larger scales normally contemplated in 

engineering disciplines.  

In fact, the ISRM Suggested Method for uniaxial 

compressive testing (ISRM 2017) recommends the use of 

samples whose diameter is at least 10 times that of the 

largest grain in the rock. So according to this, and for the 

larger grain sizes in the range of 6 mm, samples with 30 or 

38 mm will produce no reliable results.     

Regarding the residual strength, relevant scale effects 

were neither observed for laboratory strength results nor for 

modelling outputs. This size-independence is consistent 

with recent results by other authors in different rocks and 

from different perspectives (Gao and Kang 2016, Walton et 

al. 2019). For the residual strength though, a rather large 

result variability is observed in both cases. The authors 

attributes this variability to the complex nature of post-

failure behavior, which may produce different axial splitting 

zones and shear bands in the process of rock failure and 

different levels of interaction among them.     
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