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construction feasibility of the plugs and seals”  and “Performance assessment of plugs and seals 
systems” . In the German concept for the final disposal of radioactive and hazardous wastes in salt 
formations, cements and cement-based systems are proposed as technical barriers (shaft and drift 
seals). Due to the specific boundary conditions in salt host rock formations these materials (salt and 
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experimental data needed for the theoretical analysis of the long-term sealing capacity of these 
sealing materials.
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1 Introduction 

This report presents the work performed by GRS as part of the European project 

DOPAS (Full Scale Demonstration of Plugs and Seals) under WP 3 task 2 and WP 5 

task 1 on �³�'�H�V�L�J�Q�� �D�Q�G�� �W�H�F�K�Q�L�F�D�O�� �F�R�Q�V�W�U�X�F�W�L�R�Q�� �I�H�D�V�L�E�L�O�L�W�\�� �R�I�� �W�K�H�� �S�O�X�J�V�� �D�Q�G�� �V�H�D�O�V�´�� �D�Q�G��

�³�3�H�U�I�R�U�P�D�Q�F�H�� �D�V�V�H�V�V�P�H�Q�W�� �R�I�� �S�O�X�J�V�� �D�Q�G�� �V�H�D�O�� �V�\�V�W�H�P�V�´���� �7�K�H�� �Z�R�U�N�� �L�V�� �U�H�O�D�W�H�G�� �W�R�� �W�K�H�� �Ue-

search and development of plugging and sealing for repositories in salt rock and is of 

fundamental importance for the salt option which represents one of the three European 

repository options in addition to the clay rock and the crystalline rock options.  

In the German concept for the final disposal of radioactive and hazardous wastes in 

salt formations, cements and cement-based systems are proposed as technical barri-

ers (shaft and drift seals). Due to the specific boundary conditions in salt host rock for-

mations these materials (salt and sorel concretes) contain crushed salt instead of sand 

or gravel. The programme aims at providing experimental data needed for the theoreti-

cal analysis of the long-term sealing capacity of these sealing materials. 

In order to demonstrate hydro-mechanical material stability under representative load 

scenarios, the long-term deformation material behaviour as well as the sealing capacity 

of the seal, a comprehensive laboratory testing programme is carried out.  

One of the most challenging aspects is the determination of the pre-experimental sta-

tus of the core material that was provided for laboratory investigations, since the salt 

concrete was taken from an existing dam that has been loaded in situ by creeping rock 

salt for more than 10 years. Therefore, it is obvious that material properties, such as 

e.g. the initial gas permeability, have to be measured under a load which is comparable 

to the in situ minimum stress. 

The main work and results achieved in the DOPAS tasks 3.2 and 5.1 during the first 42 

months of the project will be presented in this final technical report as deliverable 

D3.30. Chapter 2 gives a short overview of the core material that was provided for la-

boratory investigations. The status of the laboratory experiments performed in task 3.2 

on the salt concrete samples is illustrated in chapter 3. The modelling work conducted 

in task 5.1 is reported on in chapter 4. The summary and the outlook on the further 

work programme is given in chapter 5. 
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Remark: 

The report at hand is the final technical report issued after 42 months of the DOPAS 

project. This report supersedes the interim version (D5.11) issued after 24 months of 

the DOPAS project. 
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2 Testing material 

Salt concrete is a mass concrete that is used for the construction of dam structures or 

for backfilling of drifts in rock salt. Backfilling of excavations and construction of dam 

structures aims to receive the integrity of the geological barrier, to stabilize the dis-

turbed rock zone at the contour and to limit and decelerate inflow of brine. 

There are different mixtures of salt concrete, as the salt concrete M1 and M2, used in 

�(�5�$�0�����0�R�U�V�O�H�E�H�Q���U�H�S�R�V�L�W�R�U�\�����R�U���W�K�H���W�\�S�H���³�$�6�6�(�´�����Z�K�L�F�K���Z�D�V���X�V�H�G���L�Q���W�K�H���$�6�6�(���P�L�Q�H����

In the context of this work the numerical simulations are conducted on the basis of la-

boratory tests on specimen �I�U�R�P���V�D�O�W���F�R�Q�F�U�H�W�H���W�\�S�H���³�$�6�6�(�´���� 

The composition of salt concrete consists of a matrix from cement with inclusion of 

crushed salt. The proportion is defined in Tab. 2.1. 

Table 2.1: �&�R�P�S�R�V�L�W�L�R�Q���R�I���V�D�O�W���F�R�Q�F�U�H�W�H���W�\�S�H���Ä�$�6�6�(�³ related to 1 m3 /MÜL 10/ 

Component of salt 
concrete 

Proportion 
in [kg/m3] 

Proportion 
in mass-% 

Blast furnace cement 380 18.3 
Crushed salt 1.496 72.1 
NaCl-brine 198 9.5 
Total 2.074 100.0 

The specimens for the uniaxial and triaxial tests were extracted from the in situ con-

�V�W�U�X�F�W�L�R�Q�� �³�$�6�6�(-�9�R�U�G�D�P�P�´���� �7�K�H�� �G�U�L�I�W�� �V�H�D�O�L�Q�J�� �H�O�H�P�H�Q�W�� �Z�D�V�� �F�R�Q�V�W�U�X�F�W�H�G�� �D�W�� �W�K�H��945 m 

level from November 1991 to January 1992 /STA 94/. Its dimensions are 8.0 m length, 

5.5 m width and 3.4 �P�� �L�Q�� �K�H�L�J�K�W���� �7�K�H�� �³�$�6�6�(-�9�R�U�G�D�P�P�´�� �F�R�Q�V�W�L�W�X�W�H�V�� �R�Q�O�\�� �D�� �S�D�U�W�� �R�I�� �W�K�H��

whole dam structure, which was constructed in the ASSE as shown in Fig. 2.1. 

The sealing element is composed of three devices: the salt concrete itself, the contact 

zone between concrete and host rock and the excavation damaged zone (EDZ). The 

specimens used by GRS for the laboratory tests were extracted from boreholes B4 and 

B5. (Compare to Fig. 2.2).  

At this time the salt concrete was exposed to the convergence of the rock salt for about 

ten years. 
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Fig. 2.1 Simplified illustration of the whole dam structure 

 

Fig. 2.2 Definition of the three devices of a sealing element and identification of the 

boreholes 
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simultaneously increas�L�Q�J���D�[�L�D�O���D�Q�G���U�D�G�L�D�O���V�W�U�H�V�V���W�R���1a � ���1r = 5 MPa at a loading rate of 

1 MPa/min, then keeping stress constant for 22 hours. Then, the axial and radial 

stresses were increased twice up to a level of 20 MPa. After 24 hours, the pre-

compaction phase ended. The idea of this pre-compaction phase is to reach the state 

of compaction that the specimens had before extraction from the drift sealing element. 

In the second step of the test the specimens were deformed under deviatoric stress. 

For that purpose, three specimens were subjected to three confining stresses of 1 to 

5 MPa. The axial stress was increased until the failure load level of the sample was 

reached. A low strain rate of  �Ý�6�Ô � �����Â����-7 s-1 was applied.  

 

Fig. 3.2 Principle of triaxial compression tests with permeability measurement 

During the load tests, axial strain was measured by a displacement-transducer installed 

outside of the cell, while volumetric strain was determined both directly from the volume 

change of the confining oil in the cell by using a pressure/volume controller and indi-

rectly by strain gauges attached on the sample surface at the middle of the length. 

axial load

axial load

gas injection

gas outflow

sample

H2O 
height

pressure 
gauge

burette

pressure 
pump
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Permeability changes induced by the mechanical loading were measured along the 

sample axis by injecting dry nitrogen gas to the bottom at constant pressure and re-

cording the outflow at the opposite side. The gas outflow was continuously recorded by 

using a burette. During steady state gas flow, the permeability is determined according 

to Darcy's law for compressive media (eq. 3.1): 

 
)(

2
22
og

o

ppA
pLQ

k
���˜

�˜�˜�˜�˜
� 

�P
 (3.1) 

where k is the intrinsic permeability (m2), Q is the flow rate of the gas (m3/s), µ is the 

gas dynamic viscosity (Pa·s), L is the length of the sample (m), A is the cross section of 

the sample (m2), po is the atmospheric pressure (Pa), pg is the gas injection pressure 

(Pa). The measuring system allows a precise determination of low permeabilities down 

to ~10-21 m2. 

3.1.2 Testing procedure  

Triaxial compressions tests (TC-Test) were performed in order to investigate the me-

chanical stability of salt concrete with respect to its sealing capacity. Onset of dilatancy, 

start of gas flux and failure of the samples were determined under different radial 

stresses. The results of the TC-Tests aim at a better understanding of the onset of gas 

flux and development of permeability during deformation. 

The tests were performed on 9 samples under stress control in the GRS laboratory. 

The samples for the triaxial compaction tests had a diameter of 70 mm and a length of 

140 mm before testing and had been obtained by core-drilling from a real plug installed 

in a salt mine. 

In the first step, the samples were compacted for about 22 hours at an isotropic stress 

level of 5 MPa. Then, the axial and radial stresses were increased twice up to a level of 

20 MPa. After 24 hours, the compaction phase ended. The idea of this compaction 

phase is to reach the state of compaction that the samples had before extraction from 

the drift sealing element, see Fig. 3.3, Fig. 3.4 and Fig. 3.5.  
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Fig. 3.3 Stress evolution of a salt concrete sample under isostatic compaction 

 

Fig. 3.4 Strain evolution of a salt concrete sample under isostatic compaction 
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Fig. 3.5 Isostatic pre-compaction behaviour of a salt concrete sample 

Second step of the test was to deform the samples under deviatoric stress. For that 

purpose, eight samples were subjected to confining stresses of 1-5 MPa. The tests 

were performed under strain control and loaded until the failure load level of the sample 

was reached. During the tests gas was injected in axial direction for permeability 

measurement. 

Table 3.1: Test samples, that were subjected to confining stresses of 1-5 MPa 

Sample                                                                                      

name 

B4KK1 

�± 0.68 

B4KK1 

�± 1.38 

B4KK3 

P2 

B4KK4 

P5 

B4KK4 

P8 

B4KK4 

P10 

B4KK4 

P12 

B4KK4 

P13 

Confining 

stress 

4 1 2 2 2 3 3 5 

The results of the TC-Tests with a confining stress of 3 MPa are presented in Fig. 3.6. 

Full deformation behavior is exemplified in one sample as the other samples behave 

very similar. The difference lies in the failure point, the dilatancy boundary and the on-

set of gas flux. In the figure, the deviatoric stress and the volumetric strain are shown 

versus the axial strain. The deviatoric stress increases up to a stress level of 40.3 MPa.  



17 

 

Fig. 3.6 Stress-strain behaviour of a salt concrete sample B4KK4 P10 deformed by 

deviatoric loading at confining stress of 3 MPa 

 

Fig. 3.7 Strain-permeability behaviour of a salt concrete sample B4KK4 P10 de-

formed by deviatoric loading at confining stress of 3 MPa 
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The failure stress is reached at an axial strain of 2.75 %. Gas permeability measure-

ments are performed continuously while axial deformation is kept constant. The volu-

metric strain decreases in the beginning of the test, due to the compaction of the sam-

ple. Volumetric strain starts to increase when axial strain reaches values of about 

1.1 %. This point is defined as the dilatancy boundary, which is marked by formation of 

micro cracks leading to volumetric extension. At this point, the deviatoric stress is about 

37.2 MPa. By ongoing increase of deviatoric stress the micro cracking and the sample 

volume increases further. At an axial strain of 2 %, an onset of gas flow could be de-

tected (Fig. 3.7), which implies that a connection of the micro cracks enables percola-

tion. 

3.1.3 Measurement results and interpretation 

The results of the triaxial compression tests show that salt concrete exhibits elastic and 

plastic material behaviour during the compaction phase showing reversible and irre-

versible deformations. This compaction test phase was identical for all samples. 

During the deviatoric stress phase (shown for salt concrete in Fig. 3.8), maximum 

reached deviatoric stresses clearly depend on the confining pressure. It is possible to 

identify the onset of dilatancy for each sample by the evolution of volumetric strains 

(Fig. 3.9). In all tests, the onset of gas flux is measured at higher deviatoric stress lev-

els than the onset of dilatancy (Fig. 3.10). The onset of gas flux occurs during stress re-

laxation (decrease of deviatoric stress) in some samples. In this case, the correspond-

ent deviatoric stress values of the preceding load maximum were taken, as this is the 

point where micro cracks are likely to connect. The failure stress of the samples gener-

ally increases with higher confining stress, analogue to the dilatancy boundary and the 

onset of gas flux. However where multiple measurements were taken at one confining 

stress level, data strongly deviates. This irregularity might be attributed to differences in 

samples, as salt concrete is a heterogeneous material. The onset of gas flux coincided 

with failure for most samples. Only samples B4KK4 P2 and B4KK4 P10 show gas flux 

at stresses about 2.5 MPa and 1 MPa below the load limit. Data from /CZA 15/ ob-

tained on salt concrete with the same testing procedure is in good agreement with the 

results of the present study.  

Consequently, the test results show that no damage was induced below deviatoric 

stress of 32 MPa and that gas flux mostly coincides with failure of the sample. 
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Fig. 3.8 Stress-strain curves obtained on four of the eight salt concrete samples 

at different confining stresses. Curve of sample B4KK1 0.68 has been 

cut at axial strains below 2%, as multiple reloading cycles were executed 

in this interval, which would confuse the illustration 

 

Fig. 3.9 Stress-strain curves obtained on the salt concrete samples at different 

confining stresses 
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Fig. 3.10 Dilatancy boundary, onset of gas flux and failure of the tested samples 

compared with data from /CZA 15/. Range of values is indicated by 

dashed lines 
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3.2 Multi-stage triaxial compression test 

3.2.1 Experimental layout 

The experimental layout, pre compaction testing procedure and sample dimensions are 

as explained in chapter 3.1.1 and 3.1.2. 

3.2.2 Testing procedure  

Deviatoric loading was applied at different confining stresses, with a stepwise increase 

of 1 MPa until the final stage of 5 MPa is reached. During each of these stages, axial 

stress was increased until a gas flow could be detected. Then deviatoric stress was 

decreased to 0 MPa every time, before the confining stress was increased. The testing 

procedure and resulting deformations can be seen in Fig. 3.11. The dilatancy boundary 

was identified at 33.2 MPa deviatoric stress with the confining stress being 1 MPa.  

 

Fig. 3.11 Stress-strain behaviour of salt concrete sample B4KK4 P9 deformed by 

deviatoric loading at multiple confining stresses 

At each increase of confining stress, the sample initially compacts, before volumetric 

extension by dilatancy is resumed. This occurs at lower deviatoric stress, compared to 
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the first excess of the dilatancy boundary.  The increase in volumetric strain with simul-

ta�Q�H�R�X�V���G�H�F�U�H�D�V�H���L�Q���D�[�L�D�O���V�W�U�D�L�Q���D�W���W�K�H���E�H�J�L�Q�Q�L�Q�J���R�I���H�D�F�K���³�O�R�R�S�´���L�V���G�X�H���W�R���D���U�H�O�D�[�D�W�L�R�Q���R�I��

the material of the triaxial cell during deviatoric stress decrease. The onset of gas flux 

occurred at 38.1 MPa deviatoric stress, before the load limit was reached. Fig. 3.12 

shows the development of permeability with axial strain. Towards the end of the 1 MPa 

stage, gas flux sets in with a permeability of 3e-19 m² and rapidly increases. During re-

laxation, permeability plummets in the order of 1e-20 m², before it rises again with devia-

toric stress increase in the 2 MPa stage. This behavior repeatedly occurs at each 

stage. Lower permeability at the beginning of each deviatoric loading can be explained 

by the initial volumetric compaction observed when confining stress is increased. 

 

Fig. 3.12 Permeability development of salt concrete sample B4KK4 P9 deformed 

by deviatoric loading at multiple confining stresses. Deformation path is 

delineated by the black line 

3.2.3 Measurement results and interpretation 

The porosity-permeability relationships examined in the present study are the same as 

examined in /WIE 10/. As there is no relationship which has been developed specifical-

ly for salt concrete, basic porosity-permeability relationships and models considering 

fracture development were used here. During laboratory measurement, the develop-
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ment of porosity could not be tracked, so volumetric strain is used as a proxy for po-

rosity here. This is applicable in so far, as volumetric extension represents the increase 

in porosity and there is no other extending mechanism present. The porosity-

permeability relations examined here are: 

1. A Kozeny-type function: 

�GL �G�4l
�8
�8�4

p
�á

 

�G�4 L ���w�A�?�5�=������������������������������ �8�4 L �r�ä�r�y�x�{�y���I �~             �J L �z 

 

2.  A micro fracture model after Olivella /OLI 08/ with spacing of fractures and variable 

aperture as a function of volumetric strain: 

�GL �G�à�Ô�ç�å�Ü�ëE
�Õ�/

�5�6�æ
              �>L �>�4 E�Â�>              �Â�>L �O�:�ÝF�Ý�4�;�������� 

�G�à�Ô�ç�å�Ü�ëL �����s�A�?�6�4�â���������������������>�4 L ���u�A�?�5�7F �s�A�?�5�4�â         �OL �w�A�?�<F �s�A�?�;�â       

�Ý�4 L volumetric strain at onset of gas flow 

The threshold parameter �Ý�4 is associated with failure of the sample, which in this 

case is defined as the point, when microcracks connect to enable gas flow. 

3. A percolation model for rock salt in the EDZ, modified from Alkan /ALK 09/: 

�GL �G�Ù�®�#�®�H�F�sF�A
l

�Ï
�Ï�Û

p
�GF�r�ä�x�u�I

�6

�����������������������������������8�ã L �8�4 �®k�sE�Ý�ão 

�G�ÙL��maximum measured permeability       �# L �u�w              �8�4 L �r�ä�r�y�x�{�y���I �~ 

The parameter �8�ã�� (percolation threshold) defines at which volumetric increase, 

flow starts. The �G�Ù value is inserted for each sample individually. 

Permeabilities for these relationships were calculated from volumetric deformations 

measured in triaxial compression tests and compared with permeabilities obtained from 

those tests. Fig. 3.13 shows the results for different permeability-relationships, com-

pared with laboratory data. With the exception of B4KK3 P2, samples follow a trend, 

that with increasing confining stress, the onset of gas flux is at higher volumetric 

strains, while initial permeability is lower. This coincides well with the assumption, that 
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increasing confining stress inhibits evolution of micro cracks and delays gas flow. Only 

permeability measurements of 4 samples were considered, as the others were either 

intruded by oil during measurement and therefore did not allow gas flux, or data 

showed inconsistencies (cf. Fig. 3.14). As already delineated in /WIE 10/, the Kozeny-

type function yields poor results and is not able to describe the development of perme-

ability. This is confirmed by the results of the Kozeny-Carman equation for sample 

B4KK4 P13. 

 

Fig. 3.13 Permeability as a function of volumetric strain. Laboratory data for con-

fining pressures of 1-3 MPa are compared with calculated permeabilities 

At first sight, both the percolation model after /ALK 09/:and the micro fracture model af-

ter /OLI 08/ appear as a good approximation. However it was not possible to describe 

the porosity-�S�H�U�P�H�D�E�L�O�L�W�\�� �U�H�O�D�W�L�R�Q�� �Z�L�W�K�� �R�Q�H�� �S�D�U�D�P�H�W�H�U�� �V�H�W���� �X�V�L�Q�J�� �2�O�L�Y�H�O�O�D�¶�V�� �P�R�G�H�O���� �,n-

stead, parameters for obtaining the curves in Fig. 3.13 have to be varied several orders 

of magnitude. On the other hand, describing the porosity-permeability relation with the 

Alkan model is possible without changing the parameters. For samples B4KK4 P13 

�D�Q�G�� �%���.�.���� �3�������� �$�O�N�D�Q�¶�V�� �S�H�U�F�R�O�D�W�L�R�Q�� �P�R�G�H�O�� �X�Q�G�H�U�H�V�W�L�P�D�W�H�V�� �S�H�U�P�H�D�E�L�O�L�W�\�� �D�W�� �K�L�J�K�� �Y�R�Ou-

metric strains. �7�K�L�V���L�V���G�X�H���W�R���$�O�N�D�Q�¶�V���P�R�G�H�O���V�W�U�R�Q�J�O�\���G�H�S�H�Q�G�L�Q�J���R�Q���W�K�H���P�D�[�L�P�Xm meas-

ured permeability. If deformation of those samples continued, the maximum measured 

permeability would be higher and hence, permeability at high volumetric strains would 

not be underestimated. 
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Fig. 3.14 Samples not considered for porosity-permeability relationship. Sample 

B4KK1 0.68 shows no development at all; ultimate permeability of sam-

ple B4KK4 P10 is too low to allow a prediction by the equations; initial 

permeability of sample B4KK1 1.38 is probably too high and therefore is 

not able to be modelled by the relations 

Figure 3.15 shows the development of permeability for the multi-stage triaxial test. Pa-

rameters for the percolation model after Alkan are unchanged from the previous TC-

tests, whereas parameters for fitting the Olivella model had to be significantly changed 

(b0 = 2e-6; a = 3e-4). Inhomogeneity in permeability increase of laboratory data is due to 

the un- �D�Q�G�� �U�H�O�R�D�G�L�Q�J�� �E�H�W�Z�H�H�Q�� �H�D�F�K�� �L�Q�F�U�H�D�V�H�� �L�Q�� �F�R�Q�I�L�Q�L�Q�J�� �S�U�H�V�V�X�U�H���� �2�O�L�Y�H�O�O�D�¶�V�� �P�R�G�H�O��

clearly overestimates permeability at high volumetric strain. The percolation model after 

Alkan slightly overestimates permeability at low volumetric strain but nicely fits with la-

�E�R�U�D�W�R�U�\���G�D�W�D���D�W���K�L�J�K�H�U���Y�R�O�X�P�H�W�U�L�F���V�W�U�D�L�Q�����7�K�H���I�D�F�W�����W�K�D�W���$�O�N�D�Q�¶�V���P�R�G�H�O���Z�D�V���D�E�O�H���W�R���S�Ue-

dict the evolution of permeability of the multi stage triaxial test from the parameter set 

�R�E�W�D�L�Q�H�G�� �R�Q�� �W�U�L�D�[�L�D�O�� �W�H�V�W�V�� �F�U�H�D�W�H�V�� �F�R�Q�I�L�G�H�Q�F�H�� �L�Q�� �L�W�V�� �D�S�S�O�L�F�D�E�L�O�L�W�\���� �$�O�W�K�R�X�J�K�� �2�O�L�Y�H�O�O�D�¶�V��

model is more conservative, the parameter combination has to be calibrated for each 

�W�H�V�W���L�Q�G�L�Y�L�G�X�D�O�O�\�����Z�K�L�F�K���P�D�N�H�V���S�U�H�G�L�F�W�L�R�Q���R�I���S�H�U�P�H�D�E�L�O�L�W�\���L�P�S�R�V�V�L�E�O�H�����7�K�H�U�H�I�R�U�H�����$�O�N�D�Q�¶�V��

model, which also more accurately describes the relationship between permeability and 

volumetric extension, is chosen here for further investigation of salt concrete. 
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Fig. 3.15 Development of permeability for the multi-stage triaxial test 

�,�W���K�D�V���E�H�H�Q���V�K�R�Z�Q�����W�K�D�W���$�O�N�D�Q�¶�V���P�R�G�H�O���I�L�W�V���Y�H�U�\���Z�H�O�O���Z�L�W�K���O�D�E�R�U�D�W�R�U�\���G�D�W�D�����+�R�Z�H�Y�H�U���W�K�H��

major drawbacks are: (1) that the maximum measured permeability (ultimate connectiv-

ity) has to be inserted individually for each sample and (2) that the onset of gas flow 

has to be defined for each sample individually. In the present study, it was not possible 

to define a percolation threshold or ultimate conductivity for a specific state of confining 

stress due to the limited amount of measurements. As a consequence of the heteroge-

neity of salt concrete, it remains questionable, if a specific percolation threshold can be 

defined at all. 
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3.3.2 Testing procedure  

Aim of these tests is to determine the deformation of the samples in terms of strains 

and strain rates in order to describe the time-dependent uniaxial creep behaviour of 

salt concrete at different stress states. 

The uniaxial creep tests (UC-Test) were carried out on five specimens in a uniaxial ap-

paratus at the GRS laboratory. The initial dimension of the specimens was 80 mm in 

diameter and 160 mm in length. The specimens were tested in one apparatus at the 

same time, the specimens were arranged above each other. This way all specimens 

were submitted to nearly identical stress conditions, see Fig. 3.13. 

The axial and radial deformations were measured for each specimen. The measure-

�P�H�Q�W�V�� �R�I�� �W�K�H�� �D�[�L�D�O�� �G�H�I�R�U�P�D�W�L�R�Q�V�� �Z�H�U�H�� �F�D�U�U�L�H�G�� �R�X�W�� �X�V�L�Q�J�� �³�/�L�Q�H�D�U�� �'�L�I�I�H�U�H�Q�W�L�D�O�� �9�D�U�L�D�E�O�H��

�7�U�D�Q�V�I�R�U�P�H�U�V�´�����/�'�9�7�����D�Q�G���V�W�U�D�L�Q���J�D�X�J�H�V�����'�0�6�������W�K�H���U�D�G�L�D�O���G�H�I�R�U�P�D�W�L�R�Q�V���E�\���X�V�L�Q�J���V�W�U�D�L�Q��

gauges only.  

In the following analysis, only the results for axial deformation measured by LDVT are 

considered. The reason for this approach is that the LDVT measure the change of the 

whole length of the specimen while the strain gauges measure only a fraction. Thus, 

the measurement with the LDVT is more representative for the overall sample behav-

iour. The denotations SC(1048) up to SC(1052) serve as identification for the individual 

specimens of the uniaxial tests.  

The UCc-Tests were executed at three different stress states. First, the axial stress 

was set to 5 MPa. The following steps were performed at 10 MPa and 20 MPa, respec-

tively. During the tests the temperature was around 25 °C. The axial stress causes a 

reduction of the length and an increase in diameter of the specimens. 

All tests lasted over nearly 300 days with step duration of 76 to 106 days. Uniaxial 

strain-time curves measured on 5 samples are illustrated in Fig. 3.12, whereas the 

stress and temperature boundary conditions are shown in Fig. 3.13.  
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Fig. 3.17 Long-term uniaxial creep behaviour of five salt concrete samples under 

multi-step loads �± axial and radial strains 

 

Fig. 3.18 Long-term uniaxial creep behaviour of five salt concrete samples under 

multi-step loads �± stress, temperature and relative humidity evolution 
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3.3.3 Measurement results and interpretation 

The following figures Fig. 3.14 up to Fig. 3.18 show the axial strains and the strain 

rates as a function of time for the individual specimen. Strain rates are averaged over 

seven days.  

The figures show that at the first two stress levels strains scarcely increase while strain 

rates quickly decrease. That means that there is no stationary creep. Strains increase 

at the third stress level, and strain rates seem to stabilize in the range of 10-10 s-1, which 

could imply a steady state creep at this stress level. 

The results of the uniaxial creep test show that material behaviour is different at lower 

stress levels of 5 MPa and 10 MPa and at a stress level of 20 MPa. While strains are 

small at lower stresses, a distinct creep deformation occurs at a stress level of 20 MPa. 

The reason for the different deformation behaviour at various stress levels might be 

that the cement structure of the salt concrete bears first to uniaxial stresses up to 

10 MPa. Cement is expected to have an elastic material behaviour without viscoplastic 

deformations after the water curing process has finished. Although, there was no signif-

icant time dependent deformation at lower stresses, creep rates could be derived. 

When the stress level was increased up to 20 MPa, the cement structure of the salt 

concrete was damaged. Consequently, the salt grit structure of the salt concrete was 

subjected to the load, and because of the viscoplastic material behaviour of salt grit the 

specimens exhibited explicit creep behaviour, Fig. 3.19. 
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Fig. 3.19 Long-term uniaxial creep behaviour of salt concrete sample no.1048 un-

der multi-step loads �± axial strain and derived creep rates 

 

Fig. 3.20 Long-term uniaxial creep behaviour of salt concrete sample no.1049 un-

der multi-step loads �± axial strain and derived creep rates 
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Fig. 3.21 Long-term uniaxial creep behaviour of salt concrete sample no.1050 un-

der multi-step loads �± axial strain and derived creep rates 

 

Fig. 3.22 Long-term uniaxial creep behaviour of salt concrete sample no.1051 un-

der multi-step loads �± axial strain and derived creep rates 
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Fig. 3.23 Long-term uniaxial creep behaviour of salt concrete sample no.1052 un-

der multi-step loads �± axial strain and derived creep rates 

 

Fig. 3.24 Steady-state creep rates obtained on five salt concrete samples as a 

function of applied uniaxial loads 
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