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defined by recognised Engineering organisations and societ-
ies, i.e. American Society for Testing and Materials (ASTM 
D7012-23 2023), International Society for Rock Mechanics 
(ISRM suggested method by Fairhurst and Hudson 1999) 
and German Society for Geotechnics (Mutschler 2004). All 
methodologies use a cylindrical rock sample with minimal 
diameter equal to 10–20 times the diameter of the largest 
mineral grain or particle. According to the ASTM D7012-
23 (2023) protocol this criterion would normally be met 
by a sample with a diameter of about 47 mm. The ISRM 
method (Fairhurst and Hudson 1999) requires a minimum 
diameter of approximately 50  mm. The German Society 
for Geotechnics recommendation (Mutschler 2004) allows 
even for specimens with diameters as small as 30 mm (when 
the largest grain criterion is met). The length of the sample 
is defined by a length-to-diameter ratio (L/D, sometimes 
also height-to-diameter ratio, H/D), which should range 
between 1.5 and 2.5 according to the German Society for 
Geotechnics recommendation (Mutschler 2004), 2.0 and 
2.5 according to ASTM D7012-23 (2023) and between 2.0 
and 3.0 according to the ISRM suggested method (Fairhurst 
and Hudson 1999). However, as natural rock massifs are 

Introduction

Uniaxial compressive strength (commonly abbreviated as 
UCS) is a basic characteristic of rock mass, essential to 
most geotechnical designs. It is defined as the highest stress 
which the tested rock can withstand before failure without 
any radial confinement of the specimen. The strength is usu-
ally determined in a uniaxial compressive test or estimated 
from other material properties, such as Schmidt rebound 
hardness (e.g. Katz et al. 2000; Wang et al. 2017; Aladejare 
et al. 2021). The UCS value also serves as the criterion for 
classification of rock mass in engineering applications (e.g. 
Hoek and Brown 1997).

For the determination of the objective and unaffected 
UCS values, the testing method has to be standardised. 
Therefore, the uniaxial compressive test protocol is formally 
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usually intersected by structures and joints, the rock cores 
obtained from the borehole survey may not allow for the 
preparation of specimens with a sufficient length. In these 
cases, lower length-to-diameter ratio samples have to be 
tested, which potentially results in affected strength values 
that are not representative and thus incomparable with the 
results of the standardised tests. Nonetheless, the specimen 
size effect on the uniaxial compressive strength could be 
reduced or mitigated by using a correction or a specialized 
testing procedure.

The main objectives of our study are: (1) to optimise the 
correction of the length-to-diameter ratio effect for use on 
fractured rock cores limiting the possible specimen length 
and (2) to generalise the correction for different reference 
ratios.

Length-to-diameter ratio influence on the sample 
failure

Difference in length-to-diameter ratio significantly alters the 
failure pattern of the rock specimen (with the diameter kept 
constant) as it changes the proportion of influencing factors. 
The key factors are mainly the end-face friction effect and 
the presence of natural defects (Qi et al. 2022).

The end-face friction effect is based on the lateral confine-
ment of the specimen ends by the frictional force between 
the specimen and the testing device platen (Qi et al. 2022). 
The friction force inhibits the development and expansion 
of microscopic cracks (Li et al. 2021), which therefore 
affects the stress and strain fields in the tested specimen, and 
thereby also the rock failure pattern (e.g. Turk and Dear-
man 1986; Gao et al. 2018; Chen and Chemenda 2020). 
The friction effect is strongest nearby the specimen ends/
bases, hence it significantly influences the samples with 
lower length-to-diameter ratio (Fig. 1a). Due to the lower 

specimen volume, the presence of natural defects does not 
significantly affect the failure. This combination of factors 
usually leads to a complex failure (Tang et al. 2000) with 
many tensile fractures running almost parallel to the sample 
axis (Zhao et al. 2022).

At slightly higher ratios (Fig. 1b), the sample failure is 
still partially affected by the friction effect. The end-face 
parts of the sample are confined by the friction force (Gao et 
al. 2018), which therefore locally inhibits the crack devel-
opment. The middle part of the specimen is untouched by 
the friction force effect and can deform freely. Theoretically, 
the fractures should therefore follow a failure plane inclined 
by an angle α (dependent on the internal shear angle of the 
rock), which connects both sample bases (Tuncay et al. 
2019). However, the combined influence of the mentioned 
factors typically results in stress redistribution and a conical 
failure pattern (Qi et al. 2022), generally described as an 
hourglass shape.

As the ratio is further increased above certain limit value 
dependent on the rock type (Tuncay et al. 2019), the number 
of occurring inhomogeneities theoretically increases and 
therefore the presence of natural defects becomes the domi-
nant factor (Qi et al. 2022). With the friction effect nullified 
in the central part of the sample, the fractures can propagate 
unimpeded. The typical shear failure plane is usually ori-
ented diagonally, which for the higher-than-limit ratio sur-
faces at the cylindrical sample shell (Fig. 1c).

The L/D effect on failure pattern can greatly influence the 
determined values of rock properties, such as uniaxial com-
pressive strength, modulus of elasticity or Poisson’s ratio 
(e.g. Thuro et al. 2001 or Sujatono 2023). The highest UCS 
values are obtained from tests on samples with L/D ratio 
lower than 1.0, as more energy is necessary for the fracture 
propagation due to the inhibiting effect of friction force on 
crack development (Tuncay et al. 2019). Lengthening of 

Fig. 1  Length-to-diameter ratio 
influence on the specimen failure 
pattern during uniaxial compres-
sive test, with the friction force 
induced confinement near the 
specimen end-faces marked. 
(A) Complex tensile failure of 
low L/D sample affected by the 
friction induced confinement near 
platens. (B) Hour-glass failure, 
result of a stress redistribution 
caused by the friction induced 
confinement. (C) Pure shear 
failure of a sample with high 
L/D. Shear failure plane angle α 
defined as 45° + φ/2, where φ is 
internal shear angle of the rock 
type
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the specimen results in lower determined value of strength, 
the decrease of UCS values is usually significantly slower 
above ratio of 2.0 (e.g. Zhao et al. 2022).

Previously established corrections of L/D effect on 
UCS value

In the past, there have been several approaches to correct the 
effect of length-to-diameter ratio on uniaxial compressive 
strength of rock (see Table 1).

Some of the first widely accepted correction equations 
were presented in Obert et al. (1946), Obert and Duvall 
(1967) and Protodyakonov (1969). Turk and Dearman 
(1986) also presented a general correction gained by averag-
ing the Protodyakonov (1969) equation with other previous 
data. Further research in the L/D effect correction was also 
conducted by Thuro et al. (2001) and Yang et al. (2005). 
All of the aforementioned corrections were designed with 
L/D = 2.0 as a reference value (except for Obert et al. 1946 
with the reference ratio equal to 1.0) and had no further 
variable parameters. The correction presented by Obert and 
Duvall (1967) is also recommended by the German Society 
for Geotechnics (Mutschler 2004).

Tuncay and Hasancebi (2009) then presented a correc-
tion equation defined around the reference length-to-diam-
eter ratio of 2.5, which is the higher value recommended 
in ASTM D7012-23 (2023). This equation contains two 

parameters, which can be varied according to the corrected 
rock type (for the data presented by Tuncay and Hasancebi 
2009; the parameter ranges are < 1.2,1.26 > for a and 
< 0.08,0.1 > for b).

Latest addition to the collection of corrections was pre-
sented by Tuncay et al. (2019), who devised a sophisticated 
correction equation with the limit L/D value as a reference. 
The theoretical limit length-to-diameter ratio is dependent 
on internal friction angle, therefore variable for different 
rock types. For the purpose of the correction, the limit ratio 
can be correlated from Brazilian indirect tensile strength 
and/or Hoek Brown mi constant of the tested rock type. The 
authors also devised a set of recommended L/D intervals 
based on the two mentioned rock type parameters for cor-
rect preparation of cylindrical specimens for uniaxial com-
pressive testing.

Additional effect of sample diameter on the 
measured strength

Several previous studies also addressed the necessity to cor-
rect the use of samples with non-standard diameters, how-
ever, with significantly differing results.

Hoek and Brown (1980) compared the laboratory results 
of uniaxial compressive tests performed on samples of vari-
ous diameters up to 200 mm made of different rock types. 
The smaller diameter sample tests resulted in significantly 
higher UCS values and vice versa. The trend can be possibly 
explained with higher presence of defects in samples with 
larger diameter (Hoek and Brown 2019). This weakens the 
sample and contributes to a through-going failure formation.

Turk and Dearman (1986) pointed out the difference in 
results of Hoek and Brown (1980) and some previous stud-
ies (e.g. Hodgson and Cook 1970), where the influence of 
diameter on UCS value is ambiguous. They also presented a 
possible combined correction of both diameter and length-
to-diameter ratio on strength value (see Table 1).

Thuro et al. (2001) evaluated the diameter effect on uni-
axial compressive strength and deformation characteristics 
of granite, kersantite and limestone. For length-to-diameter 
ratio of 2.0, the resulting trends showed almost no depen-
dence of the rock properties on specimen diameter.

Kahraman and Alber (2006) investigated the diameter 
effect on breccia consisting of partly weathered and/or 
altered slate clasts with calcareous cement. The prepared 
specimen diameters ranged from 7.5 to 100  mm. Highest 
uniaxial compressive strength values were determined on 
samples with diameter around 7.5 mm. Increasing the speci-
men diameter up to 40 mm leads to rapid decrease in deter-
mined compressive strength to around 20% of the highest 
value. With diameters larger than 40  mm, the measured 
compressive strength value remains almost constant.

Table 1  Previously established corrections of the size effect on uni-
axial compressive strength with different reference length-to-diameter 
ratios (L/Dref)
Source L/Dref Correction equation
Obert et al. 1946 1.0 UCS* = UCS/

(0.778 + 0.222×(D/L))
Obert and Duvall 1967 2.0 UCS* = 8×UCS/

(7 + 2×(D/L))
Protodyakonov 1969 2.0 UCS* = UCS/

(0.875 + 0.25×(D/L))
Turk and Dearman 1986 2.0 UCS* = 1.15×UCS/

(1 + 0.3×(D/L))
Turk and Dearman 1986 2.0** UCS* = UCS×D0.18/

(1.754 + 0.535×(D/L))
Thuro et al. 2001 2.0 UCS* = 

UCS×(0.925 + 0.036×(L/D))
Yang et al. 2005*** 2.0 UCS* = UCS/

exp(–0.181 + 0.397/(L/D))
Tuncay and Hasancebi 
2009

2.5 UCS* = UCS/(a – b×(L/D))

Tuncay et al. 2019 L/Dlim UCS* = UCS×(0.238×(L/D)/
(L/Dlim) + 0.7553)

**Equation includes diameter correction with Dref = 50 mm; ***for 
marble
Abbreviations: UCS* corrected strength value, UCS measured 
strength value, a,b correction parameters, L/Dlim limit ratio based on 
mi and tensile strength of the rock, D specimen diameter
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extract cores that provide continuous information about the 
subsurface composition (i.e. direct determination of geoma-
terial type and genesis, mapping of discontinuities, etc.). The 
extracted cores can then be tested using various laboratory 
methods (standard destructive tests or estimated from index 
properties – see Aladejare et al. 2021) to determine the intact 
rock properties. These values are then adjusted to account 
for the influence of discontinuities using indices such as the 
Geological Strength Index (GSI; Hoek and Brown 2019) or 
Rock Quality Designation (RQD; Deere 1963).

Analysing the rock core is a critical step in understanding 
the subsurface conditions. Typical core extracted during a 
geotechnical investigation is usually significantly affected 
by the discontinuities in the massif (see Fig. 2), which inhib-
its the possibility of longer samples preparation (therefore 
lowers possible L/D ratio). If the UCS determined on the 
produced low L/D sample is used e.g. for classification of 
the rock mass into categories (e.g. R0 to R6 according to 
Hoek and Brown 1997), the UCS value requires meticulous 
correction and adjustment.

Even if the rock core is relatively intact, producing lon-
ger samples (i.e. with L/D between 2.5 and 3.0; upper bound 
of the range recommended by ASTM D7012-23 (2023) and 
Fairhurst and Hudson 1999) is often not economical or fea-
sible due to the larger amount of material required. There-
fore, maintaining a practical approach with an L/D ratio of 
2.0 (minimal recommended value) is usually the best com-
promise between material consumption and obtainment 
of reliable test results. The ratio of 2.0 also corresponds 
with the specimen requirements of the Hoek Cells used for 
conventional triaxial testing (CTT). When used for failure 
envelope determination along with CTT results, UCS value 
cannot be corrected separately as the L/D effect was also 
proven in the triaxial tests (Moomivand and Vutukuri 1996).

Komurlu (2018) tested the diameter effect on various 
natural Turkish rock types and artificial rocklike materials. 
Cylindrical specimens made of natural rock had diameters 
of 32 and 54.7 mm with L/D = 2, the rocklike specimens had 
diameters of 26, 54 and 100 mm with L/D = 2. All datasets 
showed the same trend where tests of samples with larger 
diameters resulted in lower strength. Komurlu (2018) also 
presented a possibility of combating the diameter effect with 
the test performed under strain control, increasing the rate 
proportionally to the diameter of the specimen.

Zhai et al. (2020) conducted experimental research of the 
diameter effect on Gambier limestone and an artificial rock 
made of sand and plaster mixture. The limestone sample diam-
eters ranged from 25 to 285 mm, the artificial rock diameter 
range was from 26 to 139 mm. For both sets, the uniaxial com-
pressive strength trend peaked at a certain diameter (120 mm 
for limestone, 50 mm for artificial rock). For smaller diam-
eters the compressive strength value declines rapidly, whereas 
for larger diameters the decreasing trend is more gradual.

Durmeková and Ondrášik (2012) and Durmeková et al. 
(2022) also conducted several experiments on rock speci-
mens with variable diameters. Most of the experiments 
showed almost no influence of sample diameter on the 
determined compressive strength value. However, two sets 
of samples made of andesite and sandstone with length-to-
diameter ratio of 1.0 showed increase in UCS value with 
larger diameters on range between 20 and 70 mm.

Practical applications with limited access to intact 
rock material

In geotechnical investigations, exploratory and reconnais-
sance borehole drilling is a standard procedure during the ini-
tial design phases. The primary objective of this drilling is to 

Fig. 2  Example of an extracted migmatite core section with prevailing discontinuities limiting the possible length of a prepared cylindrical specimen
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Equation (3) is a plateaued exponential function with both 
growth and decay trends incorporated, where Y0 is a starting 
value, Ym is a plateau value and K is a rate constant.

Input data and equation selection for fitting

Total of 30 datasets used for the correction model calibra-
tion have been collected from previously published studies 
(i.e. John 1972; Thuro et al. 2001; Mogi 2007; Tuncay and 
Hasancebi 2009; Tuncay et al. 2019; Závacký 2020 and 
Zhao et al. 2022). Igneous rocks are represented by three 
granite, trachyte, lamprophyre (kersantite), two basalt, four 
andesite, gabbro and syenite datasets. Sedimentary rocks 
(including minor volcano-sedimentary rock types) are rep-
resented by dolomite, three sandstone, two limestone, two 
siltstone, tuff, gypsum, two ignimbrite, marlstone and grey-
wacke datasets. Three marble datasets represent the meta-
morphic rock group. Uniaxial compressive strength range 
of the whole analysed data is from 10 to 440 MPa with 73% 
of the datasets under 100 MPa and 90% under 200 MPa (see 
Fig.  3). The uniaxial compressive tests have been carried 
out on samples with a diameter of 40 to 50 mm in all cases. 
The length-to-diameter ratio ranges for most collected data-
sets from 1.0 to 3.0, with one dataset including the whole 
range from 0.5 to 6.0 L/D.

The gathered datasets have been fitted with Eqs. (2) and 
(3) for prediction of the theoretical limit uniaxial compres-
sive strength value. Two example datasets have been chosen 
to depict the difference between both models (see Fig. 4). 
Equation  (2) trend fits all datasets relatively well regard-
less of the number of specimens (coefficient of determina-
tion R2: mean = 0.886; median = 0.920; minimum = 0.576; 
maximum = 0.988) and does not fail to produce a limit UCS 
prediction (obtained as a reciprocal value of parameter 
Ym). Equation  (3) relatively well fits most of the datasets 

Methodology

The proposed correction design characteristics

The presented correction model was designed for practical 
use in smaller geotechnical laboratories. According to the 
authors practise, most prepared cylindrical specimens have 
a diameter between 40 and 60 mm. As these values range 
around the recommended value of 50 mm and with taking 
into account the mixed results of studies focused on the 
diameter effect on UCS, the diameter of the sample was not 
considered in the correction. The main purpose of this cor-
rection is therefore mitigation of the L/D effect.

Most of the previously established correction equations 
used a reference length-to-diameter ratio of 2.0, which is 
the lower bound of usable ratios recommended by the 
established methodologies (i.e. Fairhurst and Hudson 1999; 
ASTM D7012-23 2023). Exception from this statement is 
Tuncay et al. (2019) equation based around a limit ratio 
dependent on the rock type. The proposed approach to the 
new correction is to predict the theoretical limit UCS value 
unaffected by the L/D effect through a suitable equation 
with a plateau. Tested equations are listed below:

Y = (Ym · x)/(K + x)� (1)

Y = (K + x)/(Ym · x)� (2)

Y = Ym − (Ym − Y0) · e−Kx� (3)

Equations  (1) and (2) are based on the Michaelis-Menten 
model used for prediction of maximum enzyme velocity, 
where Ym is a maximum/minimum value (i.e. plateau) and K 
is a constant equal to x-value for Ym/2. Both equations func-
tion as a set with opposite trends (i.e. growth and decay). 

Fig. 3  Datasets collected from 
literature used for the correction 
model calibration, dashed lines 
represent individual fits with the 
proposed Eq. (2)
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each dataset, with L/D ranging from 0.5 to 6.0 with 0.5 step. 
As the datasets number of values vary significantly, thanks 
to the usage of the calculated values, all datasets are equally 
represented in the correction. Next, the limit UCS values for 
each dataset were divided by the calculated values to obtain 
a set of correction coefficients. These coefficient values 
were all then plotted and fitted with Eq. (1) both as individ-
ual sets and as one general set (see Fig. 5). The plateau (Ym) 
was constrained to 1.0 to ensure that the theoretical limit 
value would remain unchanged. The K values for individual 
datasets correspond to the initial UCS value fits. The general 
correction fit shows a moderately strong positive correla-
tion with R2 = 0.5419 and K value = 0.3468 (95% confidence 
interval: 0.3217 to 0.3727; all datasets with corresponding 
K values are presented in Table 2).

A possibility of multiple separate corrections for igneous, 
sedimentary and metamorphic rock types (as is commonly 
done, e.g. Demirdag et al. 2018) was also investigated. 

including example 1 (Fig.  4) and produces a limit UCS 
value (equal to Ym), which is higher than some of the high 
L/D points and also the prediction gained from Eq.  (2). 
However, it fails to predict the limit UCS for example 2 
(Fig. 4) and six other datasets. Therefore, the set of Eqs. (1) 
and (2) was chosen for the correction model as it is proven 
reliable for the gathered data. The possible disadvantage of 
this equation is the lower predicted limit UCS value, which 
can be further corrected with additional parameter.

Correction model derivation and calibration

The input data were fitted with Eq. (2) to determine param-
eters Ym and K for each dataset with predicted UCSlim values 
calculated as 1/Ym. The K parameter value therefore corre-
sponds to the length-to-diameter ratio, for which the UCS 
value equals twice the value of UCSlim. A set of strength val-
ues corresponding to the fitted curve was then calculated for 

Fig. 5  The correction coefficient 
datasets plotted and fitted. (A) 
General correction fit (full line 
represents the best fit; dotted line 
represents the 95% confidence 
interval). (B) Individual dataset 
fits, sorted according to the rock 
type genesis

 

Fig. 4  Comparison of the tested 
equations prediction of the theo-
retical limit UCS value
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However, the gathered data did not indicate the influence of 
the rock genesis or type on K values as the intervals overlap.

To expand the usability of the presented correction 
model, an idea of modifying the equation with a coefficient 
to obtain a corrected UCS value corresponding to a differ-
ent reference length-to-diameter ratio was also explored. 
Ratios of 2.0, 2.5 and 3.0 were chosen, as these values are 
the bounds of the L/D ranges recommended by the men-
tioned standards and could therefore be desired. First, the 
UCS values for the target L/D ratios were calculated from 
the dataset fits and divided by the limit UCS values. Next, 
a dependence of the obtained UCS ratio on the correction 
parameter K was investigated. In all three cases, there is a 
very strong correlation (R2 = 1.0) between the UCS ratio and 
the K value. Therefore, only a simple linear equation was 
necessary for definition of the coefficient with Y-intersect 
equal to 1 and slope a controlling the target L/D value. The 
assembled a calibrated correction model is presented in 
Eq. (4) and visually as a nomogram in Fig. 6.

UCScor = UCS · CL/D = UCS · (1 + a · K) · (L/D)/(K + L/D)� (4)

where UCScor is corrected uniaxial compressive strength 
value; UCS is laboratory determined uniaxial compressive 
strength value; CL/D is correction coefficient; a is parameter 
controlling the target L/D value (0 for the limit value; 0.333 
for L = 3D; 0.4 for L = 2.5D; 0.5 for L = 2D); K is correction 
parameter affecting the overall trend – 0.3468 for all tested 
rock types (with 95% confidence interval: 0.3217 to 0.3727; 
K values for the tested rock types are presented in Table 2); 
L/D is the tested sample length-to-diameter ratio.

Possible different approach to the size effect 
mitigation

The correction model is not the only method for mitigation 
of size effect of the laboratory specimens on measured uni-
axial compressive strength of rock. The possibility of direct 
experimental laboratory determination of unaffected UCS 
value using a specimen set with variable L/D fitted with the 
presented Eq. (2) was further explored.

Results and discussion

Practical application of the presented correction 
model

The basic application of the presented correction would be 
a simple calculation of the unaffected/limit UCS value using 
Eq. (4) with parameter K equal to the general best-fit value 

Table 2  Input datasets used for the correction model calibration with 
Hoek-Brown constant estimates based on the rock type (mi*), correc-
tion parameters (K) and predicted limit uniaxial compressive strength 
values (UCSlim)
Rock type Genesis Source mi 

*
K UCSlim

andesite igneous Tuncay et al. 
2019

25 0.205 63.33

andesite igneous Tuncay et al. 
2019

25 0.220 63.45

andesite igneous Tuncay and 
Hasancebi 2009

25 0.142 65.66

andesite igneous Tuncay and 
Hasancebi 2009

25 0.841 71.63

basalt igneous Tuncay and 
Hasancebi 2009

25 0.297 52.80

basalt igneous Tuncay et al. 
2019

25 0.502 83.19

gabbro igneous Tuncay et al. 
2019

27 0.341 131.63

granite igneous Zhao et al. 2022 32 1.279 44.48
granite igneous Tuncay et al. 

2019
32 0.222 123.92

granite igneous Mogi 2007 32 0.199 224.06
kersantite igneous Thuro et al. 2001 30 0.105 431.22
syenite igneous Tuncay et al. 

2019
30 0.270 128.58

trachyte igneous Mogi 2007 30 0.253 99.30
dolomite sedimentary Mogi 2007 9 0.260 192.38
greywacke sedimentary Závacký 2020 18 0.567 164.85
gypsum sedimentary Tuncay et al. 

2019
7 0.791 13.00

ignimbrite sedimentary Tuncay et al. 
2019

30 0.382 26.35

ignimbrite sedimentary Tuncay et al. 
2019

30 0.137 62.15

limestone sedimentary Tuncay and 
Hasancebi 2009

9.5 0.157 67.57

limestone sedimentary Tuncay et al. 
2019

9.5 0.094 71.43

marlstone sedimentary Tuncay et al. 
2019

7 0.359 17.61

sandstone sedimentary Tuncay et al. 
2019

17 0.534 33.44

sandstone sedimentary Tuncay et al. 
2019

17 0.560 46.99

sandstone sedimentary John 1972 17 0.494 67.84
siltstone sedimentary Tuncay et al. 

2019
7 1.341 17.00

siltstone sedimentary Tuncay and 
Hasancebi 2009

7 0.203 59.28

tuff sedimentary Tuncay and 
Hasancebi 2009

13 0.214 12.55

marble metamorphic Tuncay et al. 
2019

9 0.316 75.30

marble metamorphic Tuncay and 
Hasancebi 2009

9 0.097 79.74

marble metamorphic Tuncay et al. 
2019

9 0.480 79.81
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particular rock type, the K value can be estimated. How-
ever, the K value does not seem to be rock type specific (e.g. 
range for andesite is from 0.14 to 0.84; see Table 2), nor 
does it correlate with other rock type parameters, such as mi 
constant. This fact complicates the estimation, which is why 
all of the available rock types and matching K values were 
presented in Table 2 to help the potential user. The authors 
advise using the best-fit K value as a starting point, which 
can then be modified according to the presented values to 
better suit the target rock type. Proper execution of this pro-
cedure may lead to more accurate correction in contrast to 
the general equation. However, caution is necessary as the 
estimation of K value may also lead to more pronounced 
over or underestimation the strength.

Comparison of the proposed correction model with 
previously established equations

The limit UCS prediction capabilities of the newly derived 
correction model presented in Eq. (4) were tested on the 30 
available rock datasets and compared with results of the cor-
rection model based on limit L/D value (Tuncay et al. 2019). 
All values were normalised with uniaxial compressive 

(0.3468). As this procedure always reduces the strength of 
the rock, the correction therefore behaves as a safety factor. 
Many tested rock types can be corrected in this manner as 
the individual K values are relatively close to the best-fit, 
leading to tolerable deviations. To demonstrate the correc-
tion effect, a sample with low length-to-diameter ratio was 
prepared from the extracted core (see Fig. 2) and tested in 
uniaxial compression. The UCS value was then used for 
determination of approximate Hoek-Brown failure crite-
rion and rock classification. This simulates a preliminary 
geotechnical survey during initial stages of design with a 
limited access to rock material. The mi constant was esti-
mated according to Marinos and Hoek (2001), influence of 
GSI and D was negated to simulate intact rock mass. The 
rock classification was done according to Hoek and Brown 
(1997). As presented in Fig. 7, the applied correction low-
ered the UCS value from 112 to 82 MPa, which also caused 
a shift in the rock grade from R5 to R4.

Some of the datasets (e.g. one siltstone and granite set) 
show significantly higher K values (even above 1.0; see 
Table 2). Correction of these datasets using the best-fit K 
value would therefore produce significant deviations in 
the obtained UCS. For a more customised approach to the 

Fig. 7  Simple application of the 
presented correction. (A) Mig-
matite sample cut from the core 
presented in Fig. 2 and tested in 
uniaxial compression. (B) Hoek-
Brown failure criterion approxi-
mated from the sample UCS 
value, with estimated mi based on 
the rock type and in laboratory 
conditions (without the influ-
ence of GSI and D). Note that the 
correction of the UCS value also 
causes a difference in the derived 
rock type grade

 

Fig. 6  Nomogram of the pre-
sented correction (for K = 0.3468) 
with different target L/D ratios 
controlled by parameter a
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Most of the previously established correction models were 
based around a reference L/D = 2.0 (see Table 1). As men-
tioned before, the presented correction model can be easily 
modified for different target/reference L/D value using the 
coefficient a. The modified correction model (K = 0.3468; 
a = 0.5) was compared with one of the previously established 
models (i.e. Obert and Duvall 1967) for evaluation of this 
modification. The comparative correction was applied only 
to samples with L/D < 2.0, according to German Society for 
Geotechnics recommendation (Mutschler 2004). All values 
were normalised with uniaxial compressive strength values 
determined in laboratory on samples with L/D = 2.0 as in the 
previous case. The data were then plotted in Fig. 9 as mean 
UCS ratio values with standard deviations, separately for all 
datasets and also summarised in relative frequency plots. 
Uncorrected values correspond to the previous case (i.e. 
102.8 ± 13.7%). The chosen comparative correction (Obert 
and Duvall 1967) results in 5% decrease of deviation with 
mean value closer to the expected 100% (i.e. 99.3 ± 8.1%). 
The presented correction model proves to be slightly more 
effective as the UCS ratio mean value shifts to 100.2% with 
prominent decrease of deviation to 6.9%.

Based on the experiments, the presented correction 
model seems to be relatively versatile with two specimen 
size mitigation modes. First correction mode (a = 0) relies 
on unaffected UCS value prediction based around the pla-
teauing trend of the used equation. The second correction 
mode with variable target/reference L/D can be controlled 
using coefficient a to simulate specific conditions. To obtain 
an approximate limit UCS value comparable with previous 
model, a target L/D = 3.0 (i.e. a = 0.333) seems to provide 
reliable results. Changing reference L/D to 2.0 (i.e. a = 0.5) 
enables correction of UCS value for usage in some specific 
applications (e.g. in combination with Hoek Cell triaxial 
tests for failure envelope determination). The presented 

strength values determined in laboratory on samples with 
L/D = 2.0 (referenced to as UCS ratio). The L/D ratio of 2.0 
(lower bound value recommended by Fairhurst and Hudson 
1999 and ASTM D7012-23 2023) was chosen as all datasets 
included a corresponding specimen and most previous cor-
rections used it as a reference. The values of the presented 
correction model coefficients were selected to correspond 
with the general correction variant (i.e. K = 0.3468) without 
any constraint to the UCS prediction (i.e. a = 0 to obtain the 
limit value). First step of the limit L/D model application was 
estimation of mi value for the limit L/D calculation, which 
was done according to Marinos and Hoek (2001) based on 
the dataset rock type (see Table 2). The correction was then 
applied to samples with L/D lower than the limit value, the 
rest of the samples were left uncorrected. The measured 
values and values corrected using both models were then 
plotted in Fig. 8 as mean UCS ratio values with standard 
deviations, separately for all datasets. The three UCS ratio 
sets were also summarised in separate relative frequency 
plots (Fig.  8) with mean values and standard deviations 
calculated to determine more generalised trend of the cor-
rections. The measured values correspond to 102.8 ± 13.7% 
of the UCS value for L/D = 2.0, the limit L/D model (Tun-
cay et al. 2019) results in correction to 94.7 ± 9.6% and the 
proposed limit UCS model corrects the measured values 
to 85.4 ± 5.9%. Both correction models lower the devia-
tion of the whole dataset, with the proposed model being 
almost twice as effective. As for the mean value, the pro-
posed model results in 10% lower general UCS ratio than 
the second model. This difference could be corrected by 
changing the coefficient a value from 0 to 0.333 (therefore 
correcting to reference L/D = 3.0). After this modification, 
the UCS ratio value rises to 95.3 ± 6.6% of the UCS value 
for L/D = 2.0, which practically corresponds to the second 
model range, only with lower deviation.

Fig. 8  Comparison of the pre-
sented correction based on limit 
UCS prediction with previously 
established correction based on 
the limit L/D value (Tuncay et al. 
2019). Measured and corrected 
UCS values in each dataset were 
divided with corresponding UCS 
values determined on samples 
with L/D = 2.0 to calculate UCS 
ratio. Mean values and standard 
deviations of UCS ratio were 
plotted for each dataset, as well 
as L/D ranges. All datasets are 
also summarised in relative fre-
quency plots for both corrections 
and measured values
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leucocratic parts. The samples were tested in uniaxial com-
pression with load rate of 1000 N/s and the results plotted 
as a dependence on L/D. The overall granite dataset trend 
(see Fig. 10b) corresponds with the trend of the presented 
model, however, failure of the last specimen with L/D ≈ 3.1 
was affected by a slightly weaker plane with higher pres-
ence of dark minerals. The natural defect was not appar-
ent during core examination, but its presence resulted in 
atypical failure pattern and lower UCS value differing from 
the expected trend. As mentioned in the introduction, the 
longer specimens are more affected by the natural defects 
as the friction induced confinement is only influencing the 
end-faces of the specimen. Other four samples correspond 
with typical failure patterns (Fig. 1), showing a transition 
from hourglass-like pattern at L/D ≈ 2.1 to tensile failure 
with vertical fractures at lower ratios. The granite dataset 
was used for creation of four sub-datasets with different L/D 
ranges (0.6–3.1, 0.6–2.1, 0.6–1.1 and 0.6–0.9; see Fig. 11) 
to study the optimal specimen set composition for reliable 

model even offers lower deviations than the comparative 
model specialised for correction to L/D = 2.0 (Obert and 
Duvall 1967).

Experimental determination of UCSlim and K on a set 
of samples with variable L/D

Discontinuities in rock massifs usually impede extraction 
of longer cores. However, production of specimens with 
lower L/D could still be possible even with fractured cores. 
In this case, the authors suggest assembling a set of samples 
with variable length-to-diameter ratio and testing them in 
uniaxial compression. Obtained dataset could then be fitted 
with Eq. (2) to determine K and UCSlim values specific for 
the tested rock type.

To evaluate this procedure, a set of samples was pre-
pared from a coarse biotite granite (see Fig. 10a) sampled in 
Moldanubian batholith. The selected granite shows a slight 
separation of light and dark minerals, forming so-called 

Fig. 10  (A) Specimens made of 
granite sampled in Moldanubian 
batholith. (B) Results of the 
granite samples tested in uniaxial 
compression with failure sketches

 

Fig. 9  Comparison of the presented correction modified to predict 
UCS corresponding to L/D = 2.0 with previously established correc-
tion (Obert and Duvall 1967) recommended by the German Society for 
Geotechnics. Measured and corrected UCS values in each dataset were 
divided with corresponding UCS values determined on samples with 

L/D = 2.0 to calculate UCS ratio. Mean values and standard deviations 
of UCS ratio were plotted for each dataset, as well as L/D ranges. All 
datasets are also summarised in relative frequency plots for both cor-
rections and measured values
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recommended by the methodologies (2.5 according to 
ASTM D7012-23 2023 and 3.0 according to Fairhurst and 
Hudson 1999). As the L/D ratio for these predictions of 
unaffected UCS is theoretically approaching infinity, it may 
be desirable to obtain UCS values more in line with standard 
test results. This procedure results in obtaining both UCS-
lim and K values, therefore UCS corresponding to any L/D 
can be calculated using these values and Eq. (2). The pro-
cedure may be even more enhanced with incorporation of 
the limit L/D theory by Tuncay et al. (2019), which results 
in the final methodology of the proposed experimental test-
ing method: Specimen set comprised of three samples (two 
with L/D < 1.0 and one with L/D ≥ 1.5) at minimum would 
be tested in uniaxial compression. Results of the tests would 
be then plotted in UCS dependence on L/D ratio and fitted 
with curve based on Eq. (2) to obtain K and Ym parameters 
(Ym = 1/UCSlim). Next, mi would be estimated according to 
Marinos and Hoek (2001) for calculation of L/Dlim. Final 
step of the procedure is calculation of unaffected UCS value 
using Eq. (2) and L/Dlim as x. The whole process was dem-
onstrated in Fig. 12 on the three available datasets (Molda-
nubian granite dataset, granite dataset from Zhao et al. 2022 
and sandstone dataset from John 1972) with suitable speci-
men composition. Only three samples were chosen for the 
fit according to the authors recommendation with the rest 
also plotted. The last modification results in 10 to 15 MPa 

unaffected UCS prediction. Therefore, the sub-datasets were 
fitted with Eq.  (2) to determine UCSlim and K values (see 
Fig. 11). The widest set fit was significantly affected by the 
invalid UCS value for the longest specimen, which notably 
lowered the predicted strength and goodness of fit. Sub-sets 
with L/D ranges of 0.6–1.1 and 0.6–2.1 both resulted in reli-
able strength predictions with high R2. The last sub-set, with 
only two specimens and low L/D range, significantly over-
estimated the predicted UCS value.

To confirm the optimal set composition, the only two 
datasets from the cited literature containing samples with 
L/D < 1.0 were also analysed (granite from Zhao et al. 2022 
in Table 3 and sandstone from John 1972 in Table 4). From 
the analysed datasets, minimal conditions for reliable unaf-
fected UCS prediction were deduced: specimen set must be 
comprised of at least three specimens, two of them can have 
L/D lower than 1.0, with the third having L/D equal to 1.5 
or more. In case of the sandstone dataset, even two speci-
mens with L/D range of 0.5–0.75 gave reliable prediction 
(however, this is most likely an isolated case which cannot 
be relied on).

The unaffected UCS value is usually significantly lower, 
than even values determined on samples with high L/D 

Table 3  Study of a necessary set composition for reliable prediction 
of unaffected uniaxial compressive strength of a granite (Zhao et al. 
2022) using the presented equation
Samples L/D range UCS range R2 K UCSlim

11 0.5–6.0 53–156 0.987 1.280 44.5
10 0.5–5.0 57–156 0.986 1.269 44.7
9 0.5–4.5 60–156 0.985 1.275 44.6
8 0.5–4.0 60–156 0.985 1.300 44.0
7 0.5–3.5 60–156 0.984 1.316 43.7
6 0.5–3.0 62–156 0.982 1.321 43.6
5 0.5–2.5 68–156 0.979 1.299 44.0
4 0.5–2.0 70–156 0.975 1.316 43.7
3 0.5–1.5 77–156 0.965 1.210 46.2
2 0.5–1.0 110–156 1.000 0.707 64.7

Table 4  Study of a necessary set composition for reliable prediction of 
unaffected uniaxial compressive strength of a sandstone (John 1972) 
using the presented equation
Samples L/D range UCS range R2 K UCSlim

8 0.5–4.0 80–135 0.988 0.494 67.8
7 0.5–3.0 80–135 0.994 0.522 66.3
6 0.5–2.5 79–135 0.996 0.543 65.2
5 0.5–2.0 81–135 0.995 0.538 65.5
4 0.5–1.5 90–135 0.999 0.494 68.0
3 0.5–1.0 102–135 1.000 0.478 69.0
2 0.5–0.75 113–135 1.000 0.478 69.0

Fig. 11  Demonstration of L/D 
range effect on the experimen-
tally determined limit UCS and 
K value of the tested granite. 
Fitted values are displayed as full 
circles, limit strength value is 
marked with dashed line
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for saturated rocks, only expected modification is usage of 
slightly different K value.

The equation used in both the correction and the experi-
mental testing method is controlled by a main parameter K, 
which significantly varies across the available datasets (from 
0.09 to 1.34). The correction model operates reliably with 
the generalised K value (e.g. see comparison with previous 
correction in Fig. 9). However, if the K value could be easily 
determined or correlated for the specific rock types, it could 
significantly enhance the correction performance. Authors 
tried to find a suitable correlation between the K value and 
other available parameters (such as estimated mi value, uni-
axial compressive strength for commonly available L/D 
ratios, rock type or genesis). However, no clear and usable 
correlation was found as the K value can significantly vary 
even for the same rock types (e.g. range for andesite is from 
0.14 to 0.84; see Table 2). The K value could theoretically 
depend on more complex characteristics of the rock mate-
rial, such as grain size, composition (e.g. quartz vs. matrix 
content for sediments) or a degree of weathering. (1) Vari-
able grain size: With increasing predominant mineral grain 
size, the internal friction angle should increase and there-
fore also the failure plane angle – this could result in higher 
variation between shorter (L/D ~ 0.6) and longer (L/D ~ 3.0) 
specimens, and thereby higher K value. Additionally, the 
grain size could also affect the stress distribution in the 
specimen, becoming more heterogeneous for coarser rocks, 
thus further affecting the K value. (2) Differing mineral 
composition: Example case for clastic sediments could be 
variable quartz content – hardness and stiffness of the rock 
could increase with higher quartz content, possibly result-
ing in more pronounced end-face friction effect for shorter 
specimens (L/D ~ 0.6), thus increasing the K value. On the 
contrary, with prevailing component being the matrix, it can 
reduce the rocks strength and its ability to strengthen with 
the end-face confinement and therefore lower the K value. 
(3) Weathering: With progressive weathering and alteration 

increase of the unaffected UCS value against the equation-
only predicted value. The modified predicted value seems to 
be more realistic when compared with the high L/D sample 
results from the examined datasets.

Further comments and notes for future research

The presented correction model and experimental testing 
method for mitigation of rock specimen size effect proved to 
be relatively reliable. The correction was derived and tested 
on 30 datasets of various rock types and genesis gathered 
from the available literature dealing with the topic. How-
ever, before more widespread use, the model should be 
further verified on additional datasets with incorporation of 
the missing rock types, mainly other metamorphites. The 
experimental testing method was tested only using three 
datasets as the other ones did not include samples with 
L/D < 1.0, with two of them being various granites and the 
third made of sandstone. The test results suggest that the 
method is reliable, mainly with incorporation of the limit 
L/D theory (Tuncay et al. 2019). When the available rock 
core is significantly fractured, this method allows for use 
of shorter specimens with only some of them meeting the 
minimal L/D requirements. Analysis and comparison of the 
specimen failure with the theoretical crack patterns also 
seems to be useful for verification of the individual sample 
tests (e.g. rejection of the invalid sample with L/D = 3.14 
in Fig. 10b). However, the presented experimental method 
should be further verified on additional datasets with empha-
sis on weaker rock types. Weaker rocks may be problematic 
due to the variability of the mass and higher presence of 
natural defects (such as foliation or porosity), which could 
interrupt proper determination of the L/D trend crucial for 
the experimental testing method. Finally, the proposed cor-
rection model and experimental testing procedure should be 
also verified for use on a saturated rock mass. The premise 
is that the presented general equation should be still valid 

Fig. 12  Evaluation of experimen-
tal unaffected UCS determination 
method with incorporation of 
limit L/D theory (Tuncay et al. 
2019). Fitted values are displayed 
as full circles, predicted limit 
strength value UCSlim is marked 
with dashed horizontal line and 
modified limit value UCSL/D 
calculated using limit L/D is 
marked with full horizontal line. 
(A) Granite sampled in Molda-
nubian batholith. (B) Granite 
dataset from Zhao et al. (2022). 
(C) Sandstone dataset from John 
(1972)
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concurrent L/D and diameter effect study using specimens 
with mixed specifications. In the final step, the artificial rock 
results could be verified on various natural rock types to 
obtain full understanding of individual effects controlling 
the K value.

The authors would also like to highlight another possi-
bility of mitigating the effect of specimen size during the 
uniaxial compressive test indicated in previously published 
research. As mentioned before, the major factor responsible 
for the shape effect is confinement of the specimen end-
faces caused by the friction force between the rock sample 
and the steel platen. Theoretical and experimental results 
(Yang et al. 2005; Pan et al. 2009) proved, that negation of 
the friction should eliminate the length-to-diameter effect 
on the measured UCS value (valid for 0.5 to 3.0 L/D ratio 
range). The end friction effect can be reduced by an applica-
tion of lubricant to the contact surfaces between the speci-
men and testing device platens (e.g. Labuz and Bridell 1993 
or Qi et al. 2022).

Conclusions

The practical application of geotechnical investigations 
with limited access to rock material involves optimizing the 
use of core samples and also ensuring that the laboratory 
tests are conducted in an efficient and reproducible way. By 
adhering to standard protocols and allowing the necessary 
corrections, reliable data can be obtained even with limited 
sample material. Our study explores the influence of speci-
men size on the determined uniaxial compressive strength 
value. Two possible methods for mitigating this effect are 
proposed and described.

The first proposed method is a fully variable correction 
model based around plateauing equation used for the unaf-
fected UCS value prediction. The predicted value is gener-
ally about 10% lower than the results obtained from previous 
corrections or the high L/D specimen tests. If a more stan-
dardised UCS value is required, the target L/D ratio can be 
easily modified by using a correction parameter a. This way, 
the presented correction model can also replace most of the 
conventional models with comparable outcomes.

The second method is newly proposed experimental lab-
oratory procedure developed on a sample set with variable 
L/D values. Fractured or jointed core samples do not usu-
ally allow for standard specimen preparation. Our proposed 
method involves testing of at least three samples, two of 
them can have L/D < 1.0 and the third one should be closer 
to standards with L/D > 1.5 or more. The dataset is subse-
quently plotted in UCS on L/D dependence and fitted with 
the proposed equation for the required UCS value calcula-
tion. Then a strength value corresponding to any L/D ratio 

of the mineral components, the softer grains may crumble 
and be partially replaced by the secondary products, thus 
increasing porosity, lowering strength, grain size and/or 
intergranular cohesion, directly impacting the K value. Apart 
from the rock characteristics, the K value controlling the 
L/D correction could also be affected by the testing condi-
tions, such as loading rate. Theoretically, the increased load-
ing rate could alter the failure mechanism and the obtained 
strength value, possibly also the strength difference between 
variably long specimens and thus the K value. Another fac-
tor could possibly be variation between stress-controlled 
and strain-controlled loading, which is why we recommend 
strict adherence to the typical loading rates recommended 
by the ASTM D7012-23 (2023) and ISRM (Fairhurst and 
Hudson 1999) for standardisations of the K value determi-
nation. Apart from the structural properties, even the level 
of saturation can affect the obtained K value, as mentioned 
before. Important factors to be defined: (A) Lowering of the 
effective stress: as the pores and cracks in rock mass become 
saturated, the water bears part of the applied stress in form 
of the pore pressure, resulting in reduction of the effective 
stress, weakening of the intergranular bonds and thus lower-
ing of the overall rock strength (Fu et al. 2025) and likely 
affecting the K value. (B) Alteration of the failure mecha-
nism: the water present in pores and cracks of a saturated 
rock may affect the failure mechanism, especially for longer 
specimens – as the pore pressure builds up with increas-
ing applied uniaxial stress, the water could cause increased 
outward radial stress and microcrack propagation (Ma et al. 
2023), thus promoting splitting of the specimen. As a result, 
the strength values determined on longer specimens could 
be even lower, which would lead to higher K value.

Additional experiments (e.g. using natural or artificial 
rock specimens, along with numerical simulations using 
grain-based models) are therefore in order, hopefully pro-
viding necessary clarification on the K value determination. 
Combination of these techniques could be beneficial as both 
methods have limitations. The grain-based models would 
allow for detailed microstructural analysis of the studied 
L/D effect, allowing for separation of individual variables 
and effects (which could be difficult using the physical 
experiments), and also facilitate a preliminary study for 
planning of subsequent physical experiments. The artificial 
rock specimens could be then prepared and tested based on 
the numerical study results. Different aggregate sizes (from 
gravel to silt or even clay) could be used to study the grain 
size effect on K value. The heterogeneous grain distribu-
tion could be simulated during specimen production using, 
e.g., stacked alternated finer and coarser, or porous and 
compact mixes. With cement-based artificial rock mix, the 
effect of specimen saturation on K value could be also deter-
mined. The artificial rock specimens would even allow for 
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