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Uniaxial compressive strength test
(Specimen: Granodiorite)
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Uniaxial compressive strength test

1

1

2,3 = 02,3 = 0

Strain controlled testing

Constant strain rates 𝜀ሶ

Load controlled testing:

Constant stress rates 𝜎ሶ
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Normalized UCS vs. stress rate
static-like to dynamic stress rates

Stress rate [MPa/min]
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ISRM Suggested Methods
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Data base / figure according to: Zhang, Q. (2014): 
Mechanical behaviour of rock materials under dynamic
loading, Thesis summary, Lausanne, 2014

?

Static or static-
like stress rates

Dynamic loading
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Research as of to date
Motivation for the research program HDA
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Recommendation DGGT 

ISRM Suggested Methods

[MPa/min]

Obert et al.(1946)

Stowe (1969)

Efimov (2007)

Komurlu (2018)

Zhu  (2018)

John (1972)

Burbaum (2021, 2023)

100 Mpa/min1 MPa/min

Static or static-
like stress rates Dynamic loading

Stress rate  𝜎ሶ [MPa/min]

Increase of strength: 
< 4 % ….  41 %
negligible … considerable

• Only few number of tests 
(3 to 5 per stress rate)

• Different diameters of 
specimens

Potential dependency: unclear
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Common standards for testing
Research program HDA

1 10 100

Recommendation DGGT 2 to 10 MPa/min
Minimum 5 Min.

Chisel use: 
60 MPa/min

DIN 18141 
2 to 10 MPa/min, 
Minimum. 5 Min.

60 MPa/min
Without minimum timeDIN EN 1926

ISRM Suggested Methods 30 to 60 MPa/min
5 to 10 Min.

ASTM D 7012-14 30 to 60 MPa/min, 
2 bis 15 Min.

Range: 1 to 100 MPa/min
1 / 2 / 5 / 10 / 25 / 50 / 100 MPa/min

Stress rate  𝜎ሶ [MPa/min]

NF P 94-420 Minimum test time   5 to 30 Min.No recommendation for strain nor stress rates

100 MPa/min50 MPa/min25 MPa/min10 MPa/min5 MPa/min2 MPa/min1 MPa/min

AS 4133.4.2.1 and 4133 4.2.2 Minimum test time 10 to 15 Min.Constant strain rates less than 0.1 mm/min
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Research program
Tested rock types, specimens

Quarzite, lower
carbon

Granodiorite, 
Lower Carbon

Gabbro,
Lower Carbon

Basalt, 
Eocene

Sandstone, upper
Buntsandstein

Limestone, 
upper jurassic

Amphibolite, 
lower carbon

Ingneous rock

Sedimentary rocks

Metamorphic rocks
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Origin of rocks of the research program

Potsdam

Berlin

Munich

Hamburg

Cologne

Frankfurt

Darmstadt

Quarzite

Sandstone

Basalt

Amphibiolite

Gabbro
Granodiorite

Limestone
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Rock sample
Example: Limestone
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Length-to-diameter ratio of specimens

𝜎௨ሺଶሻ ൌ
8 ⋅ 𝜎௨

7 ൅ 2 ⋅ 𝑑𝑙

Length-to-diameter ratio l/d [-]
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< 
2,

0 
[-]

Not applicableReduction of 
results required

Perfect
range

Not 
applicable

12 %

l

d

Length-to-diameter ratio:

l/d = 2,00 … 2,08

Geometry of specimens
d = 44…45 mm
l = 88…90 mm



Prof. Dr.-Ing. Ulrich Burbaum │ Aspects of testing of hard rock strength - Engineering to science │ GFZ Potsdam │ 28/06/2024 Folie 11

Prof. Dr.-Ing. Ulrich Burbaum
Geotechnical Engineering, Geotechnics and 
Geology
Rock Engineering, Tunneling, Rock- & Soil Mechanics, 
Ground Engineering, Environmental Engineering, 
Ground Water Engineering, Geothermics

Dry densities of specimens

Quarzite
(n = 47)

2,00

2,50

3,50

Dry Density d [g/cm³]

1,50

2,567

Granodiorite
(n = 109)

2,719

Gabbro
(n = 96)

2,745

Sandstone
(n = 126)

Basalt
(n = 90)

3,074

2,227

Limestone
(n = 115)

Amphibolite
(n = 40)

3,00

Number of specimens: n = 623

2,656 2,720



Prof. Dr.-Ing. Ulrich Burbaum │ Aspects of testing of hard rock strength - Engineering to science │ GFZ Potsdam │ 28/06/2024 Folie 12

Prof. Dr.-Ing. Ulrich Burbaum
Geotechnical Engineering, Geotechnics and 
Geology
Rock Engineering, Tunneling, Rock- & Soil Mechanics, 
Ground Engineering, Environmental Engineering, 
Ground Water Engineering, Geothermics

UCS [MPa]

100

200

300

400

Range of UCS of the test program
Classification according to DIN EN ISO 14689

QuarziteGranodioriteSandstone GabbroAmphibolite Basalt

Medium strong

Strong

Very strong

Extremely
strong

Limestone

n = 86 n = 27
n = 74

n = 71
n = 69

n = 47

n = 48

Number of tests: ∑ n = 422
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Young's modulus [GPa]

50

100

150

200

Range of Young's modulus

QuarziteGranodioriteSandstone GabbroAmphibolite BasaltLimestone

n = 10,
(76 tests in 
assessment)

n = 27

n = 75
n = 71

n = 47

Number of tests: ∑ n = 413

Approx., test
results in 

assessment

n = 69

n = 48
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Stress-strain curve, load only
Gabbro, specimen Gbr (A) 10 02 00

Stress [MPa] 

Stree rate: 𝜎ሶ         ൌ 100    MPa/min 
UCS u = 243,7 Mpa
Axial strain at failure: Bruch =  ~   3,4 ‰
Young‘s modulus V        = 77 GPa

Axial strain [‰] 
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Stress-strain curve, single load/unload cycle
Type Granodiorit, specimen GrD(A) 09 01 00

Axial strain [‰] 

Stress [MPa] 

Stress rate: 𝜎ሶ        ൌ 1 MPa/min 
UCS u = 154,0 Mpa
Axial strain at failure:  failure = ~   1,6 ‰
Young‘s modulus (load) V       = 89 GPa
Young‘s modulus (reload) E       = 89 GPa
Young‘s modulus (unload) Eunl = 89 GPa
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Stress-strain curve, triple load/unload cycle
Limestone, specimen Kst(A) 07 07 00

Stress [MPa] Stress rate: : 𝜎ሶ        ൌ 10 MPa/min 
UCS u = 82,0 Mpa
Axial strain at failure: Bruch =  ~   5.2 ‰
Young‘s modulus (load) V       = 12.9 GPa
Young‘s modulus (reload) E       = 19.2 GPa
Young‘s modulus (unload) EEnt = 22.2 GPa

Axial strain [‰] 
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Stress-strain curve, triple load/unload cycle
Sandstone, specimen Sst(A) 17 01 02

Stress rate: 𝜎ሶ        ൌ 10 MPa/min 
UCS u = 46,2 Mpa
Axial strain at failure:  ~   3,9 ‰
Young‘s modulus (load) V       = 13,5 GPa
Young‘s modulus (reload) E       = 13,9 GPa
Young‘s modulus (unload) EEnt = 14,1 GPa
Poisson‘s ratio  =  0,32
Strain at 3rd cycle ges = 2,8 ‰
- Plastic strain pl = 0,6 ‰
- elastic strain el = 2,2 ‰
Ratio pl / el = 27,2%

Stress [MPa] 

Radial strain [‰] Axial strain [‰] 
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1 10 1002 5 25 50

20

100

Recommendation no. 1 DGGT ISRM

Young‘s modulus (load) V [GPa]

40

60

80

Young‘s modulus (load) vs. stress rate 
(Example Granodiorite)

𝑉ெ௘௔௡ ൌ 68.9 𝑀𝑃𝑎

𝑉ெ௘ௗ௜௔௡ ൌ 65.8 𝑀𝑃𝑎

n = 12

𝑉ெ௘௔௡ ൌ 67.4 𝑀𝑃𝑎

𝑉ெ௘ௗ௜௔௡ ൌ 65.0 𝑀𝑃𝑎

n = 7

𝑉ெ௘௔௡ ൌ 64.4 𝑀𝑃𝑎

𝑉ெ௘ௗ௜௔௡ ൌ 63.8 𝑀𝑃𝑎

n =5

𝑉ெ௘௔௡ ൌ 71.5 𝑀𝑃𝑎

𝑉ெ௘ௗ௜௔௡ ൌ 69.7 𝑀𝑃𝑎

n = 10

𝑉ெ௘௔௡ ൌ 66.8 𝑀𝑃𝑎

𝑉ெ௘ௗ௜௔௡ ൌ 71.1 𝑀𝑃𝑎

n = 6

𝑉ெ௘௔௡ ൌ 69.9 𝑀𝑃𝑎

𝑉ெ௘ௗ௜௔௡ ൌ 63.6 𝑀𝑃𝑎

n = 9

𝑉ெ௘௔௡ ൌ 66.9 𝑀𝑃𝑎

𝑉ெ௘ௗ௜௔௡ ൌ 65.1 𝑀𝑃𝑎

n = 10

Number of tests: n = 59
V୑ୣୟ୬     ൌ    െ1.19 · lnሺ 𝜎 ሻሶ ൅ 61.9     Rଶ ൌ 0.75
V୑ୣୢ୧ୟ୬  ൌ    െ0.43 ·  lnሺ 𝜎 ሻሶ ൅ 70.1     Rଶ ൌ 0.18

Stress rate  𝜎ሶ [MPa/min]
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Recommendation no. 1 DGGT ISRM

40

60

80

Young‘s modulus (load) vs. stress rate 
(Example: Amphibolite)

Recommendation no. 1 DGGT ISRM

Number of tests: n = 39

𝑉ெ௘௔௡ ൌ 71.5 𝐺𝑃𝑎

𝑉ெ௘ௗ௜௔௡ ൌ 74.0 𝐺𝑃𝑎

n = 13

𝑉ெ௘௔௡ ൌ 74.0 𝐺𝑃𝑎

𝑉ெ௘ௗ௜௔௡ ൌ 76.0 𝐺𝑃𝑎

n = 13

𝑉ெ௘௔௡ ൌ 68.5 𝐺𝑃𝑎

𝑉ெ௘ௗ௜௔௡ ൌ 74.0 𝑀𝑃𝑎

n = 13

V୑ୣୟ୬     ൌ              0 · lnሺ 𝜎 ሻሶ ൅ 74.7       Rଶ ൌ 0
V୑ୣୢ୧ୟ୬  ൌ    െ0.67 ·  lnሺ 𝜎 ሻሶ ൅ 72.91     Rଶ ൌ 0.3

Stress rate  𝜎ሶ [MPa/min]

Young‘s modulus (load) V [GPa]
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Young‘s modulus (load) vs. stress rate, 
significance test (Example: Granodiorite)

Young‘s modulus (load) [GPa]

𝑉തଵ଴ ୑୔ୟ/୫୧୬ = 71,5 GPa
Number of tests n = 10
Standard deviation: 16,7 GPa

𝑉തଵ଴଴ ୑୔ୟ/୫୧୬ = 66,9 GPa𝑉തଵ ୑୔ୟ/୫୧୬ = 68,9 GPa
Number of tests n = 12
Standard deviation: 14,5 GPa

Pr
ob

ab
ilit

y
p Student‘s test: Hypothesis: 𝑉തଵ ୑୔ୟ/୫୧୬ ൌ 𝑉തଵ଴ ୑୔ୟ/୫୧୬

Confidence level: 5 %
Degree of freedom: n – 1 = 12 – 1 = 11
tc-value = 2,201

𝑡 ൌ  
71,5 െ 68,9

14,5
12 െ 1

ൌ 0,595 ൏  𝑡௖ ൌ 2,201

=> Hypothesis to be accepted
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1 10 1002 5 25 50

50

100

150

200

UCS vs. stress-rate
(Example: Granodiorite)

Number of tests: n = 71

UCS [MPa]

𝜎ெ௘௔௡ ൌ 100.9 𝑀𝑃𝑎

𝜎ெ௘ௗ௜௔௡ ൌ 106.3 𝑀𝑃𝑎

n = 18

𝜎ெ௘௔௡ ൌ 111.7 𝑀𝑃𝑎

𝜎ெ௘ௗ௜௔௡ ൌ 107.0 𝑀𝑃𝑎

n = 5

𝜎ெ௘௔௡ ൌ 119.1 𝑀𝑃𝑎

𝜎ெ௘ௗ௜௔௡ ൌ 117.9 𝑀𝑃𝑎

n = 7

𝜎ெ௘௔௡ ൌ 118.5 𝑀𝑃𝑎

𝜎ெ௘ௗ௜௔௡ ൌ 118.8 𝑀𝑃𝑎

n = 13

𝜎ெ௘௔௡ ൌ 122.6 𝑀𝑃𝑎

𝜎ெ௘ௗ௜௔௡ ൌ 119.7 𝑀𝑃𝑎

n = 5

𝜎ெ௘௔௡ ൌ 130.3 𝑀𝑃𝑎

𝜎ெ௘ௗ௜௔௡ ൌ 129.7 𝑀𝑃𝑎

n = 8

𝜎ெ௘௔௡ ൌ 126.9 𝑀𝑃𝑎

𝜎ெ௘ௗ௜௔௡ ൌ 125.2 𝑀𝑃𝑎

n = 14

σ୑ୣୟ୬     ൌ    5.7 · lnሺ 𝜎 ሻሶ ൅ 102.4     Rଶ ൌ 0.96
σ୑ୣୢ୧ୟ୬  ൌ    4.1 · lnሺ 𝜎 ሻሶ ൅  107.3     Rଶ ൌ 0.97

Recommendation no. 1 DGGT ISRM

Stress rate  𝜎ሶ [MPa/min]



Prof. Dr.-Ing. Ulrich Burbaum │ Aspects of testing of hard rock strength - Engineering to science │ GFZ Potsdam │ 28/06/2024 Folie 22

Prof. Dr.-Ing. Ulrich Burbaum
Geotechnical Engineering, Geotechnics and 
Geology
Rock Engineering, Tunneling, Rock- & Soil Mechanics, 
Ground Engineering, Environmental Engineering, 
Ground Water Engineering, Geothermics

UCS [MPa]

1 10 1002 5 25 50

100

200

300

400

UCS vs. stress-rate
(Example: Basalt)

Number of tests: n = 48

𝜎ெ௘௔௡ ൌ 257.4 𝑀𝑃𝑎

𝜎ெ௘ௗ௜௔௡ ൌ 275.7 𝑀𝑃𝑎

n = 18

𝜎ெ௘௔௡ ൌ 282.6 𝑀𝑃𝑎

𝜎ெ௘ௗ௜௔௡ ൌ 276.3 𝑀𝑃𝑎

n = 13

𝜎ெ௘௔௡ ൌ 318.4 𝑀𝑃𝑎

𝜎ெ௘ௗ௜௔௡ ൌ 321.1 𝑀𝑃𝑎

n = 17

σ୑ୣୟ୬     ൌ    13.3 · lnሺ 𝜎 ሻሶ ൅ 255.6      Rଶ ൌ 0.99
σ୑ୣୢ୧ୟ୬  ൌ       9.9 · lnሺ 𝜎 ሻሶ ൅ 268.3      Rଶ ൌ 0.76

Recommendation no. 1 DGGT ISRM

Stress rate  𝜎ሶ [MPa/min]
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UCS vs. stress-rate
(Example: Limestone)

Recommendation no. 1 DGGT ISRM

Number of tests: n = 75

UCS [MPa]

𝜎ெ௘௔௡ ൌ 103.3 𝑀𝑃𝑎

𝜎ெ௘ௗ௜௔௡ ൌ 98.9 𝑀𝑃𝑎

n = 29

𝜎ெ௘௔௡ ൌ 113.4 𝑀𝑃𝑎

𝜎ெ௘ௗ௜௔௡ ൌ 105.6 𝑀𝑃𝑎

n = 27

𝜎ெ௘௔௡ ൌ 124.7 𝑀𝑃𝑎

𝜎ெ௘ௗ௜௔௡ ൌ 127.2 𝑀𝑃𝑎

n = 19

σ୑ୣୟ୬     ൌ    4.7 · lnሺ 𝜎 ሻሶ ൅ 103.1     Rଶ ൌ 0.99
σ୑ୣୢ୧ୟ୬  ൌ    6.1 ·  lnሺ 𝜎 ሻሶ ൅   96.4     Rଶ ൌ 0.92

Stress rate  𝜎ሶ [MPa/min]
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UCS vs. stress-rate
significance test (Example: Basalt)

UCS [MPa]

σഥଵ଴ ୑୔ୟ/୫୧୬ = 282,6 Mpa
Number of tests n = 13
Standard deviation: 31,8 MPa

σഥଵ଴଴ ୑୔ୟ/୫୧୬ = 318,4 MPa

σഥଵ ୑୔ୟ/୫୧୬ = 257,4 Mpa
Number of tests n = 18
Standard deviation: 38,5 MPa

Pr
ob

ab
ilit

y
p Student‘s test: Hypothesis: 𝜎തଵ ୑୔ୟ/୫୧୬ ൌ 𝜎തଵ଴ ୑୔ୟ/୫୧୬

Confidence level: 5 %
Degree of freedom: n – 1 = 13 – 1 = 12
tc-value = 2,179

𝑡 ൌ  
282,6 െ 257,4

31,8
13െ 1

ൌ 2,745 ൐  𝑡௖ ൌ 2,179

=> Hypothesis to be rejetcted
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1,00
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Normalized UCS   ఙ೔
ఙ
ሺభ ಾುೌ

೘೔೙ሻ
[-] 

Recommendation DGGT ISRM

1,10

1,30

Dependency of UCS on the stress rate

Granodiorite
 = 5,7 ꞏ ln(   ) + 102.4 

1,26
Quarzite
 = 9.9 ꞏ ln(   ) + 197.1 

1,23

Gabbro
 = 9.5 ꞏ ln(   ) + 162.0 

1,27Sandstone
 = 0,76 ꞏ ln(   ) + 47,1

1,07

Basalte
 = 13.3 ꞏ ln(   ) + 255.6

1,24

1,11

Amphibolite
 = 2.8 ꞏ ln(   ) + 120.6

Limestone
 = 4.7 ꞏ ln(   ) + 103.1

1,21

60

 ≈ 5 … 20 %

Stress rate 𝜎ሶ  [MPa/min]
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1 10 1002 5 25 50

1,00

1,50

2,00

1,09

Heterogenity: Mean increase in strength vs. single
results of specimens from one block sample 
(Four examples of Granodiorite)

Sample 46

1,30

1,50

Sample 34

Recommendation DGGT ISRM

1,57

1,45
Sample 39

1,28 1,40
Sample 40

1,55

Normalized UCS ఙ೔
ఙ
ሺభ ಾುೌ

೘೔೙ሻ
[-] 

Normalized
regression curve

1,26

Stress rate 𝜎ሶ  [MPa/min]
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Reliability of mean values and of standard
deviation vs. number of tests
(Example: Granodiorite)

M
ea

n 
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e

U
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R
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·1
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%

   

Number of tests [-]

Mean values of UCS 
stress rate  𝜎ሶ ൌ 100  𝑀𝑃𝑎/𝑚𝑖𝑛
stress rate  𝜎ሶ ൌ   10  𝑀𝑃𝑎/𝑚𝑖𝑛
stress rate  𝜎ሶ ൌ      1 𝑀𝑃𝑎/𝑚𝑖𝑛

Standard deviation/Mean value
stress rate  𝜎ሶ ൌ 100  𝑀𝑃𝑎/𝑚𝑖𝑛
stress rate  𝜎ሶ ൌ   10  𝑀𝑃𝑎/𝑚𝑖𝑛
stress rate  𝜎ሶ ൌ      1 𝑀𝑃𝑎/𝑚𝑖𝑛

Convergence of mean value



Prof. Dr.-Ing. Ulrich Burbaum │ Aspects of testing of hard rock strength - Engineering to science │ GFZ Potsdam │ 28/06/2024 Folie 28

Prof. Dr.-Ing. Ulrich Burbaum
Geotechnical Engineering, Geotechnics and 
Geology
Rock Engineering, Tunneling, Rock- & Soil Mechanics, 
Ground Engineering, Environmental Engineering, 
Ground Water Engineering, Geothermics

Homogenity: single results of specimens from
block samples (Two examples of Sandstone)

1 10 100
Stress rate     [MPa/min]

2 5 25 50

20

40

50

60

UCS [MPa]

Recommendation no. 1 DGGT ISRM

10

Number of tests on sample 05: n = 9

Number of tests on sample 11: n = 12
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Reliability of mean values and of standard
deviation vs. number of tests
(Example: Sandstone)

Mean values of UCS 
stress rate  𝜎ሶ ൌ 100  𝑀𝑃𝑎/𝑚𝑖𝑛
stress rate  𝜎ሶ ൌ   10  𝑀𝑃𝑎/𝑚𝑖𝑛
stress rate  𝜎ሶ ൌ      1 𝑀𝑃𝑎/𝑚𝑖𝑛

Standard deviation/Mean value
stress rate  𝜎ሶ ൌ 100  𝑀𝑃𝑎/𝑚𝑖𝑛
stress rate  𝜎ሶ ൌ   10  𝑀𝑃𝑎/𝑚𝑖𝑛
stress rate  𝜎ሶ ൌ      1 𝑀𝑃𝑎/𝑚𝑖𝑛
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Convergence of mean value



Prof. Dr.-Ing. Ulrich Burbaum │ Aspects of testing of hard rock strength - Engineering to science │ GFZ Potsdam │ 28/06/2024 Folie 30

Prof. Dr.-Ing. Ulrich Burbaum
Geotechnical Engineering, Geotechnics and 
Geology
Rock Engineering, Tunneling, Rock- & Soil Mechanics, 
Ground Engineering, Environmental Engineering, 
Ground Water Engineering, Geothermics

Visibility of failure modes (Examples
Sandstone vs. Basalt)
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Explosive-like failure: Basalt



Prof. Dr.-Ing. Ulrich Burbaum │ Aspects of testing of hard rock strength - Engineering to science │ GFZ Potsdam │ 28/06/2024 Folie 32

Prof. Dr.-Ing. Ulrich Burbaum
Geotechnical Engineering, Geotechnics and 
Geology
Rock Engineering, Tunneling, Rock- & Soil Mechanics, 
Ground Engineering, Environmental Engineering, 
Ground Water Engineering, Geothermics

Conclusions

• There is no evidence that the Young‘s modulus depends on the stress rate at static or static-like 
stress rate levels.

• There is significant evidence that the UCS is depending on the stress-rate even at static or static-
like stress rate levels.

• The dependency is in an order that can not be ignored in engineering or research testing.

• The standards should be subject to be reviewed in this topic. 

• Testing of hard rock types should stick to a specific stress rate during all project phases, from 
investigation to execution phase in rock engineering projects.

• The stress rate should be chosen according to the strength level. The less the strength level is the 
lower the stress rate should be.

• The number of tests required in order to obtain reliable mean values depend on the 
homogenity/heterogenity of the rocks and should not be inferior to six to ten tests.

• Explosive-like failure of extremely strong hard rock seems revealed to be a buckling failure. 



Prof. Dr.-Ing. Ulrich Burbaum │ Aspects of testing of hard rock strength - Engineering to science │ GFZ Potsdam │ 28/06/2024 Folie 33

Prof. Dr.-Ing. Ulrich Burbaum
Geotechnical Engineering, Geotechnics and 
Geology
Rock Engineering, Tunneling, Rock- & Soil Mechanics, 
Ground Engineering, Environmental Engineering, 
Ground Water Engineering, Geothermics

Outlook – from engineering to science

• Dependency of the UCS on the stress rate is 
descriptive research. 

• The UCS of rock depends on the binding of the 
mineral grains, the reason for this is yet not 
clear.

• The physical/mineralogical reason for the 
dependency of the strength of hard rock on the 
stress rate with regard to the binding of mineral 
grains is therefore subject for future research.

• The petrophysical high-pressure testing system 
PAX-1600 inaugurated today is expected to 
enable research on that topic. 

• Additional application of Micro-CT while testing 
strength in order to determine the changes in 
mineral binding would be big step forward.
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Thank you for your attention


