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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 “Design and technical construction feasibility of the plugs and seals” and
“Performance assessment of plugs and seal systems”. The work is related to the re-
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.



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.



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
ERAM (Morsleben repository) or the type “ASSE”, which was used in the ASSE mine.
In the context of this work the numerical simulations are conducted on the basis of la-
boratory tests on specimen from salt concrete type “ASSE”.

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: Composition of salt concrete type ,ASSE* related to 1 m® /MUL 10/

Component of salt Proportion Proportion
concrete in [kg/m?] 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-
struction “ASSE-Vordamm”. The drift sealing element was constructed at the 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 m in height. The “ASSE-Vordamm” constitutes only a part of the

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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Bitumen-Chamber

340m

2,50 m 2.00 m 2,20 m 11,50 m

Fig. 2.1 Simplified illustration of the whole dam structure

Contact zone
Host Rock

@ Borehole in the structure @ Borehole in the contact zone

@® GRS specimens

Fig. 2.2 Definition of the three devices of a sealing element and identification of the
boreholes
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3 Laboratory experiments

3.1 Material stability — triaxial compression test

3.1.1 Experimental layout

Damage tests were carried out on salt concrete samples in a triaxial apparatus with
measurement of deformation and gas permeability under various stress conditions.
From the pictures in Fig. 3.1 one can clearly recognize the open voids marked in red
and filled with resin during the sample preparation procedure.

The average porosity of the samples is about ¢ = 6 % with a grain density 2.17 —

2.2 g/cm®. The average water content is at a level of w = 2 weight-%.

Sample B4KK3-P1 Sample B4KK3-P3 Sample B4KK4-P6

Fig. 3.1 Salt concrete samples before testing

Figure 3.2 illustrates schematically the assembly of a sample in a triaxial cell. The

sample was isolated in a jacket and porous discs at top and bottom.

The samples were subjected to two phases with different loading regimes. The purpose
of the initial isostatic pre-compaction phase was to re-establish the intact state of the
samples with respect to permeability. It has to be pointed out, though, that no effective

healing was expected during the pre-compaction phase. This phase was performed by

12



simultaneously increasing axial and radial stress to 0, = 0, = 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 ¢, = 1-10” s was applied.

axial load

pressure

gas outflow gauge
—>

|

H,O
height

L

burette

pressure
pump

0N,

>
gas injection

axial load

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.

13



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):

kzz.Q.ﬁ,.L.zpo (3.0)
A-(Pg —Ps)

where k is the intrinsic permeability (m?), Q is the flow rate of the gas (m%s), u is the

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

the sample (m?), p, is the atmospheric pressure (Pa), Py is the gas injection pressure

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

to ~10%' m?.

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.

14
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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 B4KK1 | B4KK1 | B4KK3 | B4KK4 | B4KK4 | BAKK4 | B4KK4 | B4KK4

name -068 |-138 |P2 P5 P8 P10 P12 P13
Confining | 4 1 2 2 2 3 3 5
stress

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.
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Fig. 3.6 Stress-strain behaviour of a salt concrete sample B4KK4 P10 deformed by
deviatoric loading at confining stress of 3 MPa
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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.

18
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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
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Fig. 3.9 Stress-strain curves obtained on the salt concrete samples at different

confining stresses
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3.2 Multi-stage triaxial compression test

321 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.

45

——deviatoric stress [MPa]
——confining pressure [MPa] - 28
40 4 ——volumetric strain [%]
35 4 L 53
30 +
25 - 18 ®
— i | =
a T
2 i
W 20 4 2
o - 13 %
] £
“ 15 4 5
]
10 - 0,8
5 4
- 03
7 \/ U

-0,2 0,3 0,8 1,3 1,8 2,3 2,8 33 3,8 43 4,8
axial strain [%]

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

21



the first excess of the dilatancy boundary. The increase in volumetric strain with simul-
taneous decrease in axial strain at the beginning of each “loop” is due to a relaxation of
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™ m2 and rapidly increases. During re-
laxation, permeability plummets in the order of 1e°mz, 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.

1E-15 A
1E-16 -
1E-17 -
E
=z
L‘,‘ 1E-18 -
1E-19 -
1E-20 A
—3 start of relaxation
® B4KK4 P9 permeability
1E-21 T T T T T T T T T
-0,2 0,3 0,8 13 1,8 2,3 2,8 33 3,8 4,3 4.8
axial strain [%]

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:

v
k = kq (V_o)

ko = 5e~1 Vo = 0.07697 m? n=8

n

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

aperture as a function of volumetric strain:
b3
k = knatrix + e b =by+ Ab Ab = s(e — &)
kmatriz = 1e7%9; by = 3e 13 —1e719; s=5e8—1e77;
&y = volumetric strain at onset of gas flow

The threshold parameter ¢, 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/:

k=kf-A-[<1—e(le)>—0.63r V,=Vo (1+¢)

ks = maximum measured permeability A =35 Vo = 0.07697 m?

The parameter V,, (percolation threshold) defines at which volumetric increase,

flow starts. The kf 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

23



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.

1E-15 - S S

1E-16 -

1E-17 -

E ® BAKK3 P2 (2 MPa)
3 k [Alkan]
“gn 1E-18 - — — k[Olivella]
e S —" - < — R —— A ————————— ———————— LT k [Kozeny-Carman]
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1E-21 . . ‘
-0,4 0,1 0,6 1,1 1,6
volumetric strain [%]
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-permeability relation with one parameter set, using Olivella’s model. In-
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
and B4KK4 P12, Alkan’s percolation model underestimates permeability at high volu-
metric strains. This is due to Alkan’s model strongly depending on the maximum 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
(bo = 2e®; a = 3e™). Inhomogeneity in permeability increase of laboratory data is due to
the un- and reloading between each increase in confining pressure. Olivella’s model
clearly overestimates permeability at high volumetric strain. The percolation model after
Alkan slightly overestimates permeability at low volumetric strain but nicely fits with la-
boratory data at higher volumetric strain. The fact, that Alkan’s model was able to pre-
dict the evolution of permeability of the multi stage triaxial test from the parameter set
obtained on triaxial tests creates confidence in its applicability. Although Olivella’s
model is more conservative, the parameter combination has to be calibrated for each
test individually, which makes prediction of permeability impossible. Therefore, Alkan’s
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

It has been shown, that Alkan’s model fits very well with laboratory data. However the
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 Long-term deformation behaviour — uniaxial-testing method

3.3.1 Experimental layout

Uniaxial creep tests were performed in five rigs in air-controlled room. One rig allows
five samples being simultaneously tested at the same load up to 500 kN at ambient
temperature. Fig. 3.11 shows the rig for uniaxial creep tests on five samples. Axial load
was applied equally to the five samples by means of an oil balance with accuracy high-
er than +0.5 %. Axial deformation of each sample was originally measured by dis-
placement transducers (LVDT) with an accuracy of 0.1 mm. The strain measurement
was then improved by several strain gauges of higher solution of 10°. They were di-

rectly glued on the samples for both axial and radial strain measurements.
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Fig. 3.16 Rig for uniaxial creep tests on five samples one upon another
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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-
ments of the axial deformations were carried out using “Linear Differential Variable
Transformers” (LDVT) and strain gauges (DMS), the radial deformations by using strain

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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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° s™, 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. 3.20 Long-term uniaxial creep behaviour of salt concrete sample no.1049 un-
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34 Long-term deformation behaviour — triaxial-testing method

34.1 Experimental layout

Triaxial creep tests were carried out on 4 salt concrete samples in a triaxial apparatus
with measurement of deformation and gas permeability under various stress condi-
tions. The average porosity of the samples is about ¢ = 5.8 % with a grain density

2.17 — 2.2 g/cm®. The average water content is at a level of w = 2 weight-%.

The samples were isolated in a jacket and porous discs at top and bottom and placed
inside a steel cylinder. The rig for uniaxial creep tests as shown in Fig. 3.16 was used
to provide axial stress on all samples, while each cylinder has its own oil reservoir for

individual minimum pressure. Figure 3.25 shows one steel cylinder inside the rig.

Fig. 3.25 Steel cylinder for individual oil pressure built-up on a salt concrete sam-

ple
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3.4.2 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 triaxial creep behaviour of salt
concrete at different stress states.

The triaxial creep tests (TCc-Test) were carried out on four samples under stress con-
trol in a triaxial apparatus at the GRS laboratory. The initial dimension of the samples
was 50 mm in diameter and 100 mm in length and had been obtained by core-drilling
from a real plug installed in a salt mine. Prior to testing, the samples were already
damaged and had exceeded the dilatancy boundary, see chapter 3.1. The samples
were tested in one apparatus (chapter 3.3) at the same time, and were arranged above
each other. This way all samples were submitted to nearly identical stress conditions,
see Fig. 3.26. The axial deformations were measured for each sample, using “Linear
Differential Variable Transformers” (LDVT). During pre-compaction, the samples were

subjected for about 14 days to an isotropic stress level of 10 MPa.

Second step of the test was to deform the samples under deviatoric stress. The TCc-
Tests were executed at three different stress states. From the isostatic condition at 10
MPa during pre-compaction, radial stress was reduced to 2 MPa. In the following steps
axial stresses were increased to 18 MPa and 38 MPa respectively. During the tests the
temperature was around 24 °C. The axial stress causes a reduction of the length and

an increase in diameter of the samples.

All tests lasted over nearly 140 days with step duration of 13 to 56 days. Triaxial strain-
time curves measured on 4 samples are illustrated in Fig. 3.27, whereas the stress and
temperature boundary conditions are shown in Fig. 3.26. During the tests gas was in-

jected in axial direction for permeability measurement.
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Fig. 3.27 Long-term triaxial creep behavior of four salt concrete samples under
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3.4.3 Measurement results and interpretation

The following figures Fig. 3.28 up to Fig. 3.31 show the axial strains and the strain
rates as a function of time for the individual specimen. Strain rates are averaged over

one day.

For sample 1061, there has been a measuring error from 68 to 93 days and therefore

only deformations before that error are considered as valid.

The figures show that at the first two stress levels strains slowly increase while strain
rates quickly decrease, which gives evidence for transient creep. Strain rates seem to
stabilize around 5.0e™ in phase 1 and 1.0e™*® in phase 2, which could imply stationary
creep in these phases. However average strain rates for stationary creep are lower
than inferred strain rates for a time span of one day. This is due to the resolution limit of
measurements, which results in minimum strain rates of 1.0e™. Therefore, a further

decrease in strain rates would not have been able to be detected.

The results of the uniaxial creep test show that material behaviour is different at lower
deviatoric stresses of 8 MPa (phase 1) and 18 MPa (phase 2) than at a deviatoric
stress of 36 MPa (phase 3). While strains are small at low ogey, a distinct creep defor-
mation occurs in the third stress level. Furthermore, strain acceleration can be ob-
served in samples 1060, 1062 and 1063 at o4, Of 36 MPa, hence tertiary creep occurs.
Creep rupture could be identified for sample 1062 at axial strains of 7.2 % (Fig. 3.30).
Steady-state creep does not occur in phase 3.
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35 Sealing capacity of rock salt / sealing system

351 Experimental layout

For performing experiments on the system consisting of a salt concrete seal element
and the surrounding dilated rock salt at the laboratory scale, the idea is to use hollow
salt cylinders furnished with a central core of salt concrete which are placed in isostatic
cells to impose confining stress. Thus, a combined sample represents the system of
seal element, contact seam and surrounding rock at a small scale. The salt concrete
core (35 mm in diameter) is placed in the hollow cylinder (70 mm in outer diameter and
100 mm in height) with a snug fit. In order to fill up potentially remaining voids, the core
is coated with salt slurry and then pushed into the hollow salt cylinder. Excess slurry is

removed and the sample is dried in an oven to avoid undefined saturation states. A

photo of a salt concrete core, a hollow cylinder and the completed sample is shown in
Fig. 3.32.

Fig. 3.32 Hollow salt cylinder, salt concrete core and salt slurry (left); complete

combined sample (right)

The samples are coated with rubber jackets and placed in isostatic cells equipped with

hydraulic lines to allow for axial flow-through of gas or liquid and determination of the
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system permeability as shown in Fig. 3.33. A photo of a coated sample and the cell ar-

rangement is shown in Fig. 3.34.
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Fig. 3.33 Principal sketch of the modified Hassler cell for determining gas and wa-

ter permeability

Fig. 3.34 Hollow salt cylinder, salt concrete core and salt slurry (left); complete

combined sample (right)

The cores were covered with a rubber jacket on the surface and two pistons on both
ends. These pistons had a lead through for the fluids (gas or brine) which were used
for the permeability measurements. In order to inject and withdraw the fluids homoge-
neously filter frits of stainless steel were placed at both ends between the pistons and
the sample. The confining pressure on the sample was produced by an oil pump or by

nitrogen from a gas bottle. This pressure could vary between 0.1 and 15 MPa.

At a special valve panel, the pressure of the test gas (nitrogen) was reduced from the

pressure inside the gas tank (up to 20 MPa) to the injection pressure between 0.1 and
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0.7 MPa. The injection pressure had to be less than 80% of the confining pressure in

order to avoid gas flow along the surface between the sample and the rubber jacket.

For flooding the pore volume of the sample with brine and for brine permeability meas-
urements this steel bottle could be filled with brine. The injection pressure was then
generated by nitrogen connected to the bottle. The flow rate through the sample, the
gas injection pressure, the gas outlet pressure, and the confining pressure were rec-

orded on a PC and additionally displayed for visual inspection.

3.5.2 Testing procedure

The test procedure is first to perform gas permeability tests of the dry sample while
stepwise increasing the compressive load. After unloading the sample saturated brine
is injected and the stepwise loading is repeated, while the permeability of the seal sys-
tem to brine is recorded. The evolution of the permeability of the composite sample to
gas or to brine is the essential variable characterizing the recovery of the EDZ and the

closing of the contact seam between salt concrete core and surrounding rock salt.

A pilot test was performed in order to check whether the sample composition and the
measurement technique were suitable. After the test, the sample was dismantled and
inspected. The pilot test showed that the test method is adequate to investigate evolu-
tion of the overall permeability of dry and brine-containing composite samples as a
function of compressive load. It also showed that load changes have to be applied cau-

tiously in order to maintain integrity of the testing arrangement.

For the start of detailed testing, two new samples were prepared. In order to increase
the bandwidth of results, one sample featured an intact salt concrete core as taken
from the in-situ seal, while for the other sample a larger salt concrete core was loaded
triaxially to the failure point and a smaller core was machined from the damaged core.
The rationale of using a damaged salt concrete core as seal element is the fact that

shrinkage fractures of a seal during construction cannot be excluded.

3.5.3 Measurement results and interpretation

Both the salt concrete cores and the rock salt cylinders were characterized in terms of

permeability to gas before preparing the combined samples. Afterwards, gas and liquid
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testing in the isostatic cells was started similarly to the pilot test. For characterization of
the salt concrete cores, these were placed in isostatic cells and the load dependent gas
permeability was determined under stepwise loading from 1 to 5 MPa. The permeability
of the intact salt concrete core, calculated using Darcy’s law, amounted to 2.3*10%° m?
at 1 MPa isostatic load and fell below 10% m? already at 2 MPa. This also showed that
flow along the jacket interface is not an issue. For the damaged core, a moderate per-
meability decrease from 4.1*10"® m? at 1 MPa load to 1.6*10™*® m? at 5 MPa was ob-
served. The salt cylinders were subjected to the same tests before drilling the central
holes for reception of the salt concrete cores. They also showed a permeability de-
crease with load: From 2.6*10™ m? to 2.5*10* m? for the cylinder used with the intact
salt concrete core and from 5.2*10% m? to below 10 m? for the cylinder used with the
damaged one. The results of the load-dependent permeability tests of the individual
material samples are summarized in Fig. 3.35.
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Fig. 3.35 Gas permeability of salt concrete cores and salt cylinders before assem-

bly of combined samples

After characterization of the salt concrete and salt cores, the central holes were drilled

into the salt cylinders and the combined samples were prepared as described earlier
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(see Fig. 3.32). The potential effect of the sub-coring on the salt core gas permeability

could not be quantified.

In the first stage of testing the combined samples, the confining load was increased by
1 MPa steps to 5 MPa over two weeks and gas flowed axially through the samples. For
the sample with the intact seal element of salt concrete, the gas permeability de-
creased slightly from 2.5*10™* m? to 1.3*10™* m?. When the sample was unloaded, the
gas permeability remained at this value. The permeability measured was close to the
upper limit of the testing arrangement. In fact, for the sample with damaged seal ele-

ment gas permeability remained above the upper measurement limit of 5104 m?.

The gas tests on dry samples showed the high impact of the contact seam — the overall
permeability was much higher than the gas permeabilities of the individual materials. A
second result of gas testing was that under dry conditions and moderate confining
stress up to 5 MPa, a reconsolidation of the EDZ or a closing of the contact seam is
negligible in the short term.

After gas testing, the samples were unloaded and brine was injected. Then, the sam-
ples were again loaded in steps of 1 MPa up to 5 MPa, and the permeability to brine
was measured. The measurement results are shown in Fig. 3.36. The time until maxi-
mum load was three weeks for the two samples. Both samples showed a significant

decrease of permeability to liquid with increased loading.

For the sample with the intact seal element, permeability decreased from an initial val-
ue of 4.5*10™ m? to below the detection limit of 10°° m? at a load of 5 MPa. Obviously,
the salt surrounding the seal element became soft enough to enable very effective
sealing of the contact seal and the EDZ in short time. The sample behaved significantly
different from the dry case, where only a slight gas permeability reduction was ob-
served. Afterwards the sample was stepwise unloaded again. Permeability remained
below the detection limit, showing that irreversible compaction had occurred. It is en-
visaged to dismantle the sample and confirm the reconsolidation and associated reduc-

tion of pathways by microscopic inspection.

As expected, the sample with the damaged seal element started at a higher permeabil-
ity of 3.6*10™° m? (please note that the measurement limits for permeability measure-

ment with liquid are different from those for gas tests). With increasing confining stress
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the permeability decreased by two orders of magnitude, but it remained much higher

than for the sample with the intact seal element.
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Fig. 3.36 Permeability of combined samples as a function of confining stress

While a compressive load of 5 MPa was sufficient to effectively seal the contact zone
and the EDZ in the presence of brine in the experiment with the intact seal element, the
same cannot be postulated for the experiment with the damaged seal element. Obvi-
ously, reconsolidation of the damaged seal element has not been achieved. The per-
meability value measured at 5 MPa confining stress, however, seems too high to at-
tribute it to the flow through the seal element alone, as the gas permeability of the

damaged salt concrete ranged between 10" m? and 10" m? (see Fig. 3.35).

This sample was not unloaded. The confining stress was increased in steps up to 10
MPa and the measurement of permeability to brine continues. Figure 3.37 shows the

permeability to brine as a function of time.

Obviously, the permeability value decreased not only with increasing confining pres-
sure (light grey phase). The measurements showed a decrease of more than 2 orders

of magnitude from 10™*®* m? down to 10™*® m? within the next 100 days (2400 hours). It is
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expected, that the permeability value will tend towards the detection limit without further

increase of the confining pressure.
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Fig. 3.37 Permeability to brine of the sample with damaged seal element as a

function of time

Extensive calculation activities are underway for interpretation and further prognosis of

the experimental data.
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4 Modelling work

4.1 Physical Modelling

The LINEAR ELASTICITY law (HOOKE) describes linear elastic material behavior.

There is a linear relation between stress and strain, see eq. (4.1).

d
E = Eo+ (&~ $0) 32 = Emin (4.1)
HOOKE is described by the Youngs Modulus E, the reference porosity ¢ and the Pois-

son Ratio v. The parameters were not changed during the exercises.

The DISLOCATION CREEP law (DC) describes the creep behavior of porous materials
that include salt grains. Deformations are generated by intracrystalline deformation
mechanism. The deformation depends on the deviatoric stresses.

Eqg. (4.2) describes the viscoplasticity. It is active for any stress level, because there is
no yield condition. The parameter n describes the material viscosity, @ is a scalar func-

tion, F is a stress function and G is a flow rule:

dePC 1
Ear = O (F)

56
Sar

(4.2)

Parameters F and G are functions of the stress invariants (eq. (4.3)). The parameter n
is the power of the rock power law and o, describes a material parameter, defined in
eq. (4.4)

2
=G= |q2+ (;_p) O(F) = F" (4.3)
D
1
_ nV n+1
a, = (ﬁ) (4.4)

The following equations describe the relationship of viscosity, void ratio and the de-

pendence of deformation on temperature:
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== A(Dgbc(e) (4.5)

o= Aghc(e) (4.6)
ghc(e) =3(g - D)"'f (4.7)
gc(e) = (W )H (57 r++ (4.8)
AT) = Agexp (Z22) (4.9)

Several parameters are needed for simulation activities using CODE_BRIGHT: A pre-
exponential parameter A,, which describes the ability to creep, the activation energy
Qa, Which is equal to 54.000 J/mol and the stress power n, which is 5. The pre-
exponential parameter is the varied parameter of this constitutive law during the simu-

lation.

The basic equation for the VISCOPLASTICITY model (VP) is:

de 6G
- = AP o (4.10)
Following relationships of the yield function F and the viscoplastic flow rule G are used

for describing dilatancy:

F=a;q—bp
G = a,q — abp (4.11)
O(F)=F"forF>0; ®(F)=0forF<O0

b = az + a;(Wy)*?® — ay(Wy — Wgo)0?®
a = as + a6Wd + a7<Wd - Wd0>2 (412)
de = qd:‘fd

Parameters a; to a; were needed for calculation as well as the stress power m, the vis-
cosity A and the activation energy Q. All parameters are listed in tab. 4.1. Additionally,
it is marked, which parameters were kept constant and which parameters were varied
during the exercises. The influence of each parameter to the calculation process is ex-

plained shortly.
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Table 4.1: Parameters for VP. Constant and varied parameters are marked and its
influence to the process of calculation is described so far as known. Val-
ues, marked with *, were only varied by calculation of the triaxial com-

pression test: here the values were set to zero

Value
Parameter : Influence
constant varied

Stress power m 8 - Elastic step

Viscosity A - yes Transient creep deformation

Activation energy 54.000 J/mol i

0 :

Wy 3.5 - Work by plastic deformations
Limit the volume increase and

a; - yes . ) .
influence the breaking point

a, - yes Limit the volume increase

ds 2.5 -

a 0.7 (0) . Stable calculation process by
a,>0

as 0.02 -

a 0.02 (0) . Stable calculation process by
a,>0

ay ay = ag -
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4.2 Numerical simulation of the triaxial compression test

42.1 Model geometry

To simulate the triaxial compression test, a model was designed similar to the laborato-
ry TC-Test. This model consists of the salt concrete specimen with a length of 140 mm
and the steel piston of the uniaxial apparatus with a length of 280 mm as shown in
Fig. 4.1.

Symmetry axis —_— a

280mm Steel

Salt
concrete

140 mm

35mm

Fig. 4.1 Model of the salt concrete specimens for TC-Test for the numerical calcu-
lation using CODE_BRIGHT.

The model was generated in GiD as an axial symmetric 2D-model because of the
symmetry of the salt concrete specimen. Consequently the width of the model is

35 mm.

The mesh for simulation of the triaxial compression test was carried out with rectangu-
lar elements. The salt concrete was meshed with 224 elements. These elements are

nearly quadratic and have the same dimension over the whole length of salt concrete
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specimen. The steel piston consists of the same number of elements as the salt con-
crete. These elements are nearly of the same dimension near the boundary layer than
the elements of salt concrete and they have an increasing ratio in y direction. In this
way, the discretization near to the boundary layer became finer, because it was ex-
pected, that the deformation and stresses are sensitive in this zone. The number of

nodes for the used mesh is 513. The mesh is shown in Fig. 4.2.

4.2.2 Boundary conditions and material properties

For constraining displacements in horizontal and vertical direction at the bottom of the
salt concrete and in horizontal direction at the steel piston, nodal forces were generat-
ed at these parts of the model. The fixed boundary condition at the bottom does not
accord to the real situation of the test specimen. But these boundary conditions were
necessary for numerical calculation of the model. Axial and radial stresses were mod-

eled as boundary stresses, Fig. 4.2.

In calculations, only the deviatoric stress phase of TC-Test were modelled, because
this phase is interesting for understanding the deformation behavior of salt concrete
and the dilatancy evolution. Following calculations were only done for a radial stress of
3 MPa.

Initial temperature, stress and porosity were generated on the surfaces of salt concrete
and steel piston. The initial temperature corresponded to real temperature of 25 °C dur-
ing the laboratory test and the initial stress correlated to atmospheric pressure of
0.1 MPa. Initial porosity of salt concrete was in accordance with average porosity of the

specimens.

The used initial values are shown in Tab. 4.2.

Table 4.2: Values of initial conditions for TC-Test

Salt concrete Steel
Initial temperature [°C] 25 25
Initial stress [MPa] -0.1 -0.1
Initial porosity [-] 0.06 0.001
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Symmetry axis —— 3
04

Steel

Salt
concrete

Fig. 4.2 Specimen for the TC-Test: Boundary conditions for numerical calculation
using CODE_BRIGHT.

Different constitutive laws were used in order to describe the mechanical behavior of
the specimens. For the steel piston linear elastic material behavior is expected: so
HOOKE was used. The following calculation parameters are assigned, see Tab. 4.3:

Table 4.3: Material properties for LINEAR ELASTICITY law

E-Modulus Poisson ratio Referen%(/e porosi-
E [MPa -
[MPa] v NE
Salt concrete 10.000 0.18 0.06
Steel 250.000 0.27 0.001

According to the results of the laboratory tests salt concrete is supposed to have a lin-
ear elastic part and a viscoplastic part of deformation behavior. Therefore HOOKE and
VP were used for first calculations. Second, the influence of stationary creep to TC-

Test was investigated by DC.

Parameters for DC for salt concrete were taken from rock salt. This constitutive law for

DC is able to simulate stationary creep. The used parameters are shown in Tab. 4.4
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Table 4.4:

Material properties for DISLOCATION CREEP law

Pre- L
exponential Activation en- Stress power
Creep class ergy
parameter Qa [/m] n [-]
Ap [L/1*MPa"] A
Salt concrete 2 0.26e” 54.000 5

To describe transient creep and dilatancy of salt concrete, the constitutive model for VP

was used. The parameters, which were used in the first calculation, derive from rock

salt.

Table 4.5:

creep and dilatancy of rock salt

Parameter for VISCOPLASTICITY model for description of transient

. . Activation
Stress power Viscosit
m [?] A [MPa‘l*)é] energy a6['] Wdo[']
Q [J/mol]
8 5%107° 54.000 0.02 35
ai[-] az[-] az[-] as[-] as[-]
2.5 1.8 25 0.7 0.02

Additional to the parameters used for HOOKE, DC and VP parameters were needed
for the description of solid phase properties. These selected parameters of salt con-
crete are similar to the parameters for rock salt, Tab. 4.6. The density is the measured

average density of the specimens from UCc-Tests.

Table 4.6: Solid phase properties for calculation using CODE_BRIGHT
- . Expansion Reference
Sge[(f]';('ﬁ tleK?t D[e£s/|rtT¥3] coefficient temperature
s LU1KG Ps 1x9 0 [1/°C] To[°C]
Salt concrete 855 2.070 4.2e” 35
Steel 500 7.850 1,0e” 35

During the ongoing calculation activities selected parameters for viscoplasticity behav-

ior were varied. In this way calculation results were able to fit to the laboratory results.
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4.2.3 Modelling results versus experimental data

This modelling exercise was used for a better understanding of damage behavior of
salt concrete. Hence only the compression phase of the laboratory tests was consid-

ered for simulation.

Exercise TC 1: HOOKE was used for describing material behavior of the steel piston
and HOOKE and VP were used for describing the salt concrete in the first modelling
exercise. Because it was not possible to simulate the failure process of the sample, pa-
rameter a; was varied. In this way the level of breaking point could be influenced.

Exercise TC 2: In the next step failure parameters for the VP were varied, because it
was not possible to describe the deformations behavior analogue to laboratory test by
only varying a;. VP was chosen, because only this constitutive model is able to de-
scribe the nonlinear deformation behavior of salt concrete as seen in the results of the
laboratory tests. Parameter a, limits the extension of volume strain, if it is bigger than
zero, a4 and ag influence the stability of calculation process for a, > 0. For describing
the triaxial tests, it is necessary, that the specimens deform volumetric. So all this pa-
rameters were set to zero in order to allow volumetric deformations. The parameter a;

was used again for varying the failure point at once.

Exercise TC 3: In the third exercise, best fitting parameters from previous calculations
were used, but with using DC additionally. It was tested, whether stationary creep is
triggered in this kind of calculations, or not. In the laboratory tests stationary creep was
not expected due to the fact that the execution of the tests was very short. It is im-

portant to know for further calculations, if the DC considers this circumstance.

Verification: The calculation exercises, described before, were executed for the condi-
tions of the triaxial test by a radial stress of 3 MPa. Then, the laboratory test by radial
stress of 1 MPa and 2 MPa were simulated using the parameters of Exercise TC 3
from the triaxial test with a radial stress of 3 MPa. In this way it was shown, whether the

parameters are applicable to all TC-Tests.

The following Tab. 4.7 shows the calculation time steps for different radial stresses:
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Table 4.7: Calculation time steps of calculation for the compaction phase of TC-

Test with different radial stresses

Interval | Time[Hours] | Simulation
Radial pressure of 1 MPa
1 0.0-0.1 Axial and radial stress of 1 MPa
Axial stress increases to 38 MPa by a loading of
2 0.1-6.3 0.1 MPa per minute. Radial stress constant of
1 MPa.
Radial pressure of 2 MPa
1 0.0-0.1 Axial and radial stress of 2 MPa
Axial stress increases to 40 MPa by a loading of
2 0.1-6.4 0.1 MPa per minute. Radial stress constant of
2 MPa.
Radial pressure of 3 MPa
1 0.0-0.1 Axial and radial stress of 3 MPa
Axial stress increases to 44 MPa by a loading of
2 01-74 0.1 MPa per minute. Radial stress constant of
3 MPa.

In Exercise TC 1 HOOKE was used for describing the material behavior of the steel
piston and HOOKE and VP were used for describing the material behavior of salt con-
crete. VP should describe shear thickening material behavior of salt concrete analogue
to the TC-Test. The used constitutive laws, their parameters and the varied ones are

summarized in Tab. 4.8.

Table 4.8: Used constitutive laws for modelling salt concrete TC behaviour (varied

parameters are marked in red)

LINEAR E [MPa] v ¢o []
ELASTICITY 10.000 0.18 0.06
An
DISLOCATION apan | Qald/mol] n [+
CREEP [1/A"MPa ] - -
A [MPa
m [ e ? | Qumoll | all | Wl
VISCOPLASTICITY 8 5+10° 54.000 0.02 35
as [] as [-] as [-] as [-] as [-]
varied 18 2.5 0.7 0.02

The first calculation was executed using all parameters correspondent to Tab. 4.5. Pa-
rameter a; was equal to 2.5. The nodes, at which stresses and displacements were de-

tected for further evaluation of the results, are shown in Fig. 4.3.
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Symmetry axis — )

Displacements

Stresses

Fig. 4.3 Nodes on the specimen, at which stresses and displacements were de-

tected.

The purple curve in Fig. 4.4 shows the results received with parameter a; is 2.5. Here
the deviatoric stress respectively the volumetric strain is shown versus the axial strain.
The laboratory results are shown in grey. The calculation process stopped before the
final axial stress of 44 MPa was reached according to the lab test results, because the
calculation failed at a deviatoric stress of 23 MPa. There was no dilatancy foreseen so
that the specimen failed directly. This is used to see the development of volumetric
strain. In lab tests dilatancy occurs, if the curve deviates from the linear slope. In the
mode, calculations stopped directly, if the curve started to deviate from the linear slope.
So no increase of porosity and consequently no dilatancy was modelled.

Now the stability of salt concrete was improved in order to load the specimen with the
whole axial stress correspondent to the laboratory test. Therefore the parameter a; was
decreased. In this way the stability of salt concrete increased. This proceeding aims to
find the value of a;, at which the specimen carries the whole deviatoric stress of 44
MPa. The results are shown in Fig. 4.4. If a; decreased, the specimen was able to car-
ry higher deviatoric stresses. Calculation process stopped later by using a decreased
a; and consequently increased the material stability. A full calculation was executed
successfully by a; equal to 1.93. The aim, that an execution of the whole calculation
process is possible, was finally reached. The specimen could carry the whole deviatoric
stress. But the simulation curve shows a linear gradient and an adaptation to the curve

of laboratory test does not occur.
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Fig. 4.4 Results of Exercise TC 1. Here LINEAR ELASTICITY law and

VISCOPLASTICITY model are used. Axial load is 44 MPa

In Exercise TC 2 also HOOKE and VP was used. All parameters are summarized in
Tab. 4.9. This exercise aimed to find a combination of parameters, which allows an in-
crease of porosity and consequently a volume increase and onset of dilatancy for a
better adaptation of calculation to laboratory results.

Table 4.9: Used constitutive laws for modelling salt concrete TC behaviour (varied

parameters are marked in red)

LINEAR E [MPa] v [] o [-]
ELASTICITY 10.000 0.18 0.06
An
DISLOCATION wpan | Qald/mol] n [
CREEP L 'Y'Pa] - -
A [MPa’
m [ B ? | Qumol | asld | Wal
VISCOPLASTICITY 8 5+10° 54.000 0 3.5
a [-] a [-] as [-] as [-] as [-]
varied 0 2.5 0 0.02

Initial point of Exercise TC 2 should be a calculation, which is comparable to the result
of Exercise TC 1: A linear slope, which describes the stress load without failure of the
specimen and without onset of dilatancy. This is necessary for a better interpretation of

further calculation results. But the material stability correspondent to Exercise TC 1
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was not sufficient anymore, because a,, a; and as were set to zero now and allow max-
imal extension of volume (If a,, a, and as are zero, Wy drops out). Consequently the
material stability decreased. Hence a; was decreased to 1.33 for reaching a higher fail-

ure point and reaching the requirements correspondent to the exercise before (Com-

pare Fig. 4.5).
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Fig. 4.5 Results of Exercise TC 2. Here LINEAR ELASTICITY law and
VISCOPLASTICITY model are used. Parameters a2, a4 and a6 are set
to zero. al is varied. For further calculations al = 2.05 is chosen (green

curve).

Below a; was increased step by step. Fig. 4.5 shows a representative assortment of
the results of executed calculations. All curves show a linear gradient at first, the gradi-
ent of all curves decreases dependent to the value of a;. The calculations of Exercise
TC 2 were executed completely. Maximal reached axial strains were determined by the
stiffness of the material. The stiffness respectively stability of the material depends on
the value of a;. If a; was small, the material had a higher stiffness and less defor-
mation. If a; was increased, the material stiffness became smaller and axial strains
were higher. Additionally the maximal acceptable deviatoric stress is smaller by a salt

concrete with smaller stiffness. So the gradient of the curves approximate to the hori-
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zontal line after the stress limit was reached (as to see at the curves by a; equal to 2.05

/ 2.1 and 2.3): Axial strains further increase but deviatoric stress stay nearly constant.

In consideration of the development of volumetric strain is to see, that the curves differ
clearly to the linear slope. So an increase of porosity and consequently an onset of di-

latancy were simulated by using parameters after Tab. 4.9.

For further calculations a value of a; equal to 2.05 was chosen, because this curve de-
scribes the laboratory test in the best manner in maximal deviatoric stresses and in

reached axial strain.

In exercise TC 3 the influence of DC to the TC-Test by numerical calculations was
checked. Normally stationary creep, which was simulated by DC, should have no influ-
ence to the deformations, if the test period is only a few hours as in this TC-Test. For
further calculation it is important to know, if CODE_BRIGHT considers this circum-
stance. Below the calculations results from Exercise TC 2 are opposed to the results
from Exercise TC 3, which considers HOOKE, DC and VP.

Table 4.10: Used constitutive laws for modelling salt concrete TC behaviour (varied

parameters are marked in red)

LINEAR E [MPa] v [-] o [-]
ELASTICITY 10.000 0.18 0.06
An
DISIé(;(éé'FI;ION (1/1*MPa"] Qa[J/mol] n[-|
0.26e° 54.000 5
A [MPa’
m [ Be® | Qumon | sl | Wald
VISCOPLASTICITY 8 5+%10° 54.000 0.0 3.5
a [-] a [-] az [-] ag [-] as [-]
2.05 0.0 2.5 0.0 0.02

The results in Fig. 4.6 show, that DC has no influence of the deviatoric stress and the
volumetric strain. The curves of both parts of calculation are nearly identically. The

small deviations also could be from the individual steps of iteration during calculation.
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Fig. 4.6 Comparison of calculation results of Exercise TC 2 and TC 3 with and

without DISLOCATION CREEP law. The results confirm that
DISLOCATION CREEP law is only considered by longer time periods.
Calculations, which were executed with DISLOCATION CREEP law are
marked with “DC”

Consecutively the onset of dilatancy was considered on the basis of calculation results.
For this the results from Exercise TC 2 were used with values of a; equal to 1.33 and
2.05. The results are shown in Fig. 4.7. The onset of dilatancy is described by the devi-
ation of the curve of volumetric strain from the linear slope by a; equal to 1.33. The cri-
terion for the onset of dilatancy was chosen different to the criterion used for the la-
boratory test analysis. In the calculation results no increase of volumetric strain was
reached, which was the used criterion in the laboratory tests. So the criterion of the la-
boratory tests was not applicable here. If dilatancy insert in Exercise TC 2, the axial
strain was around 0.22 % and the deviatoric stress was 21 MPa. Generally the reached
deviatoric stress is circa 3 MPa smaller than in the laboratory test. It was around
37 MPa. The volumetric strains are circa 50 % higher than the maximum volumetric
strain of laboratory tests by an axial strain of 0.9 %. But basically, the calculations re-

sults characterize the general trend of the laboratory test.
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Fig. 4.7 Calculation results of Exercise TC 2 and a radial stress of 3 MPa. The

pink curve shows the results without dilatancy, the green one with dila-
tancy. The onset of dilatancy is defined as the start of deviation of the

curve with dilatancy to the linear curve without dilatancy

All calculations in this chapter correspond to the conditions of the TC-Test by a radial
stress of 3 MPa until now. Currently, the chosen parameters were verified by calcula-
tions of the TC-Test with radial stresses of 1 and 2 MPa. HOOKE and VP was used
correspondent to Exercise TC 2.

Fig. 4.8 shows the calculations results with a radial stress of 2 MPa. The onset of dila-
tancy was nearly at the same point by a radial stress of 2 MPa as by a radial stress of
3 MPa. If the dilatancy insert, a deviatoric stress of 21 MPa and an axial strain of
0.23 % was reached. The deviatoric stress during calculation was 3 MPa smaller than
in the laboratory tests. These values correspond to the results of Exercise TC 2 with a
radial stress of 3 MPa. The development of the calculated volumetric strains accords
here very good with the volumetric strains of laboratory test. The curve progression is
nearly the same until the volume of the laboratory specimen increases. This increase of

volume could not described by the VP and the used parameters of Exercise TC 2.
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Fig. 4.8 Calculation results of Exercise TC 2 and a radial stress of 2 MPa. The

pink curve shows the results without dilatancy, the green one with dila-
tancy. The onset of dilatancy is defined as the start of deviation of the

curve with dilatancy to the linear curve without dilatancy

The conditions for the onset of dilatancy by a radial stress of 1 MPa are different to the
calculations before, Fig. 4.9. Here the onset of dilatancy was reached at axial strain of
0.18 % and deviatoric stress of 17 MPa. The stability of the specimen decreases, be-
cause of the lower radial stress. This corresponds to the results of the laboratory test.
The maximal deviatoric stress in the laboratory test was 36 MPa, in the calculation
33 MPa. The difference between these values of deviatoric stress of laboratory and
calculations results is the same as in the calculations results before. Certainly there is
again a difference of volumetric strains between laboratory and calculations results.
Both volumetric strains are smaller than in tests before. Reason for the decrease of
both volumetric strains could be the smaller radial stress and the resulting loss of sta-
bility. So the specimen cannot compact in the same range than before, because it was
damaged earlier. The smaller deviatoric stress level by the onset of dilatancy supports

this thesis.
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Fig. 4.9 Calculation results of Exercise TC 2 and a radial stress of 1 MPa. The
pink curve shows the results without dilatancy, the green one with dila-
tancy. The onset of dilatancy is defined as the start of deviation of the
curve with dilatancy to the linear curve without dilatancy

4.2.4 Discussion

The comparison between laboratory and calculation results shows, that simulation of
the TC-Test on salt concrete is possible by using HOOKE and VP. Therefore, VP has
been varied with respect to rock salt. The final parameters used for TC-Test are sum-
marized in Tab. 4.11.

Deficits of the TC-Test simulation are that volume increase as reaction to the damage
of the specimen cannot be considered as well as the respective reduction of stresses, if
the failure level was reached. Equivalent to the calculation results of TC-Test it can be
expected that the onset of dilatancy in the UCc-Test starts during the increase of axial
stresses from 10 MPa to 20 MPa.

The results of this chapter are considered by the simulation of the UCc-Test using the

VP parameter set in Tab. 4.11.
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Table 4.11: Final parameters used for the Linear Elasticity law and
VISCOPLASTICITY model in TC-Test

LINEAR E [MPa] v [-] do [-]
ELASTICITY 10.000 0.18 0.06
A [MPa
m [] LS] Quimol] | as[ We [
VISCOPLASTICITY 8 5%10° 54.000 0 3.5
NE a1 as [] NE as []
2.05 0 2.5 0 0.02
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4.3 Simulation of the uniaxial creep test

43.1 Model geometry

For simulation of the uniaxial creep test, a model was designed similar to the model of
the TC-Test in GiD. The length of the salt concrete specimen is 160 mm and the length
of steel piston is 320 mm as shown in Fig. 4.10. The width of this model is 40 mm. Due
to the symmetry of salt concrete specimen this model was generated in terms of an ax-
ial symmetric 2-D model.

320mm Steel

Salt
concrete

160mm

40 mm

Fig. 4.10 Model of the salt concrete specimens for UCc-Test for the numerical calcu-

lation using CODE_BRIGHT, showing geometry and meshing details

The mesh of this model was carried out with rectangular elements. The salt concrete
was meshed with 256 quadratic elements using the same dimension. The feed size
averages 0.5 mm in each case. The steel piston consists of 256 elements. These ele-
ments are nearly quadratic at the boundary layer to the salt concrete and become rec-
tangular in y direction. The reason was the same as by TC-Test calculation exercises:

in order to get a finer discretization near the boundary layer. The number of nodes for
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the whole model was 585. The mesh is shown in Fig. 4.10. Due to the layout of the
mesh, displacements at the contact zone between salt concrete specimen and steel

piston were not possible.

4.3.2 Boundary conditions and material properties

Boundary conditions were generated as nodal forces at the bottom of the salt concrete
specimen and as collateral ones at the steel piston. They constrain displacements in
horizontal and vertical direction at the bottom of the salt concrete and horizontal dis-
placements at the steel piston. The fixed boundary condition at the bottom does not
represent the situation in the laboratory, but was necessary for numerical calculations.
Axial stress was modelled as boundary stress at the top of steel piston. The axial
stresses (o0;) reached from 5 MPa to 20 MPa. An atmospheric pressure (pPam) Of

0.1 MPa was applied radial to the salt concrete specimen (Compare Fig. 4.11).

Symmetry axis —_ )
04

Steel

Salt
concrete Patm

y

I xé<ll

Fig.4.11  Specimen for the UCc-Test: Depiction of conditions for numerical calcula-
tion using CODE_BRIGHT
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Initial temperature, stress and porosity were generated on the surfaces of salt concrete
and steel piston similar to the TC-Test. The parameters were the same as before as in

the calculation exercise before (Compare Tab. 4.1).

Different constitutive laws were used in order to describe the mechanical behavior of
the specimens. For the steel piston HOOKE was used as in TC-Test. According to the
results of the UCc-Test, salt concrete is supposed to have a linear elastic part and a
viscoplastic part of deformation behavior. Therefore HOOKE, DC and VP were used for

calculation. Parameters for HOOKE are shown in Tab. 4.12.

Table 4.12:  Final used parameters for the Linear Elasticity law
E-Modulus Poisson ratio Refereni:; porosi-
E [MPa v [-
[MPa] [ N
Salt concrete 10.000 0.18 0.06
Steel 250.000 0.27 0.001

Parameters for the calculation of DC for salt concrete were taken from rock salt in the
first calculation because salt concrete includes around 70 % crushed salt and there are
no creep parameters for salt concrete until now. This constitutive law for DC is only

able to describe stationary creep. The parameters are shown in Tab. 4.13.

Table 4.13:  Material properties for DISLOCATION CREEP law of saline materials
expoprzintial Activation en- | o 0o power
Creep class ergy
parameter Qa [JImol] n [-]
A [1/1*MPa"] A
Salt  con- 5 2.08e” 54.000 5
crete

To describe transient creep and dilatancy of salt concrete, the VP was used. The pa-

rameters are shown in Tab. 4.14.

Table 4.14:

creep and dilatancy of salt concrete

Parameter for VISCOPLASTICITY model for description of transient

Stress power Viscosity A(;tri\é?;i;n as[-] Wao[]
K -1x 6L dol-
m [-] A [MPa™*s] Q [J/mol]
8 5+10” 54.000 0.02 3.5
ay[-] az[] az[] as[-] as[-]
2.5 1.8 2.5 0.7 0.02
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Additional to the parameters used for HOOKE, DC and VP, some parameters were

needed for description of solid phase properties (Tab. 4.6).

4.3.3 Modelling results versus experimental data

Different types of exercises were executed for finding the best approximation of calcu-

lation results to the laboratory test findings.

Exercise UCc 1: HOOKE and DC were used. First a calculation was executed using
parameters correspondent to rock salt, because salt concrete consists of about 70 %
crushed salt. So potentially a time dependent deformation behavior similar to rock salt
by stationary creep is expected. Further calculations were executed using varied pre-
exponential parameters. In this way a creep class should be found, which describes
real strains and strain rates of salt concrete related to stationary creep. Calculated

creep classes and appropriate pre-exponential parameter are shown in Tab. 4.15.

Table 4.15:  Variation of creep classes and appropriate pre-exponential parameters
for first calculations [BGRO3]

Creep
class

Pre-
exponen-
tial pa-
rameter

0 1 2 3 4 5 6

0.065e® | 0.13e® | 0.26e® | 0.52e® | 1.04e® | 2.08e® | 4.16e®

Exercise UCc 2: Now the pre-exponential parameter for each stress level was varied.
For each stress level the pre-exponential parameter was considered individually. The
pre-exponential parameter was used independently to the creep classes, because it
was expected, that a better adaptation to the laboratory results could be reached. Here
HOOKE and DC were used.

Exercise UCc 3: This exercise considered only the third stress level of 20 MPa
(marked as phase 2), because laboratory tests and calculations before showed, that
there is a difference between the deformation behavior in first and second stress level
and the third stress level. Exercise UCc 3 aimed to describe the combination of linear
elastic, transient and stationary creep and shear thickening deformations. Exercise
UCc 3 was subdivided in parts a) to d). In part a) calculation was executed on the basis
of the results from TC-Test using HOOKE and VP with parameters from Exercise TC 2.
Part b) described the deformation behavior including HOOKE and VP, but here volu-
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metric extensions were limited again and the material stability was increased. In part c)
calculations was executed using HOOKE, VP and additional DC. The pre-exponential
parameter was adapted. Finally the shear thickening deformations were adapted again
in part d), because the interaction of HOOKE, VP and DC had to be considered.

Exercise UCc 4. Now the VP was adapted to stress levels of 5 MPa and 10 MPa
(marked as phase 1). HOOKE, DC and VP should simulate linear elastic and transient
creep deformations. DC was used because, it was expected, that the influence of sta-
tionary creep is very small in phase correspondent to laboratory results. This assump-
tion was checked. Furthermore the influence of stationary creep in phase 2 will be con-
sidered in the end of Exercise UCc 4 again.

Exercise UCc 4 was subdivided in three parts. Part a) investigated the influence of vis-
cosity to transient creep. In part b) the stiffness of the salt concrete was adapted by pa-
rameter a;. Finally the volumetric extension was adapted by parameter a; in part c).

In Exercise UCc 5 the results of phase 1 (Exercise UCc 4) and phase 2 (Exercise UCc
3) were brought together.

The level of axial stress is the changing condition between the different intervals in
each calculation exercise. The increase of axial stress was simulated in smaller inter-
mediate steps analogue to the progression of pressure in UCc-Test. The calculation
was executed in six intervals as constituted in Tab. 4.16. These time steps apply for all

calculations.

Table 4.16: Time steps of calculation at UCc-Test

Interval Time [Days] Simulation
1 0.00-10.01 Axial stress increases from 0.1 MPa to 5 MPa
2 0.01 - 106.00 Axial stress of 5 MPa
3 106.00 — 106.01 Axial stress increases from 5 MPa to 10 MPa
4 106.01 — 174.00 Axial stress of 10 MPa
5 174.00 — 174.01 Axial stress increases from 10 MPa to 20 MPa
6 174.01 — 341.00 Axial stress of 20 MPa

In Exercise UCc 1 HOOKE was used for description of the material behavior of the
steel piston by simulation of the UCc-Test as in TC-Test before. In Exercise UCc 1
HOOKE and DC were used for description of the material behavior of the salt concrete.
The used constitutive laws and its parameters are shown in Tab. 4.17. This exercise

aimed to check, if DC could describe the time dependent deformation behavior of salt
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concrete and which pre-exponential parameters suits best. So the pre-exponential pa-

rameter was the varied value in this exercise.

Table 4.17: Exercise UCc 1 - Active constitutive laws for salt concrete are colored.

Changed respectively varied parameters are marked red

LINEAR E [MPa] v [] do []
ELASTICITY 10.000 0.18 0.06
An
DISIE:(;(I;IOECII;ION [1/1*MPa] Qa[J/mol] n [-|
varied 54.000 5
A [MPa
m [ B | Qrmoll | asll | Wil
VISCOPLASTICITY - - - - -

a: ] a: [ [l | all | al]

A first calculation was executed with a pre-exponential parameter of 2.08*10°°. This
value corresponds to the creep behavior of rock salt. Displacements were determined
correspondent to Fig. 4.3 and displacements in [m] were converted in strains in [%]. In
Fig. 4.12 the results of the laboratory UCc-Test are compared to the calculation results
(showed in grey).
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1,0
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Time [Days]
Fig. 4.12 Comparison between the results of the laboratory UCc-Test and the re-

sult of calculation of UCc-Test using LINEAR ELASTICITY law and
DISLOCATION CREEP law by a pre-exponential parameter of 2.08e-6

(creep class 5)

The calculation results clearly show the different axial stress levels. Elastic defor-
mations could be identified by sudden increase of the curve, that increased by each
step. Stationary creep could be identified by the linear gradient of the curve. Certainly
elastic deformations were very small in all stress levels and the deformations of sta-
tionary creep were very small in first stress level and very high for second and third

stress level.

In the following. the pre-exponential parameters were varied. So the time dependent
deformation behavior correspondent to creep classes 0 to 6 was considered. The re-

sults are shown in Fig. 4.13.
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Fig. 4.13 Comparison between the results of the laboratory UCc-Test and the

modelling using LINEAR ELASTICITY law and DISLOCATION CREEP
with various pre-exponential parameters correspondent to creep classes
Oto6

At the first stress level of 5 MPa all curves show nearly the same deformation behavior.
Elastic deformations could be simulated. but there were no creep deformations. Devel-
opment of strains became different at the stress level of 10 MPa. Strains modeld with
creep class 6 were clearly too high. Strains modelled with other creep classes could be
in the right range. In order to evaluate this, a different presentation of the results is
necessary (Follows in Fig. 4.14 and in Fig. 4.15). When the stress level increased to
20 MPa strains of each creep class became clearly different. Generally high creep
classes have higher strains than lower ones. The curve of creep class 2 with a pre-
exponential parameter of 0.26*10° shows the best suiting gradient compared to the
gradients of the UCc-Test at first sight. Consequently the curve of creep class 2 (brown

curve) was considered more exactly.

In the following, strain rates derived from laboratory tests and from calculation will be
compared. Therefore, an average value of all stationary creep levels of each specimen
was constituted as shown in Fig. 4.14 (only for sample SC1048). The same was done

for the calculation results. In this manner one specific strain rate could be determined
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for each stress level and each specimen. The summarized results are shown in
Fig. 4.15.

This simplified depiction of strain rates shows that all strain rates of the laboratory tests
are in the same range for the individual stress level. The strain rates of first and second
stress level are very similar while strain rates increase at third stress level. This notice
supports the perception that deformation behavior changes. if the axial stress is in-
creased up to 20 MPa. Fig. 4.15, which shows the average values of strain rates from
each specimen versus the axial stress. allows a better interpretation of the results. Cal-
culated strain rates are explicitly to small by a stress level of 5 MPa. They are around
two orders of magnitude smaller than in the laboratory test. The difference is smaller at
a stress level of 10 MPa, but still around one order of magnitude. Strain rates of labora-
tory tests accord well with the calculated strain rates in the third stress level of 20 MPa.

0,000001
¢ SC(1048) strain rate
0,0000001 -
LS L 4
1E-08 +
r— *
ﬂ °
S 1E09 4 ?
© . ’: ‘i ’* . | 2,6 E-10 .
h > + =
£ 10 Soe o TL0e10] o L e o
E ) - — Q %
s ;. 5,8E-11 Y T . *®
"o *e o ® S
L A Y
1611 ¢
1E'12 T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340
Time [days]
Fig. 4.14 Average determination of strain rates for specimen SC(1048)
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Average strain rates of the various specimen of the laboratory UCc-Test
and calculated strain rate using LINEAR ELASTICITY law and
DISLOCATION CREEP with a pre-exponential parameter of 0.26e-6
(creep class 2).

So Exercise UCc 1 shows that a calculation of the deformation behavior of salt con-

crete analogue to the laboratory tests using HOOKE and DC with one pre-exponential

parameter is not possible. The salt concrete shows differences in its deformation be-

havior dependent to the axial stress. especially if the axial stress increases up to

20 MPa. Additional elastic deformations were not in the right range and deformations

from transient creep were not able to reproduce using HOOKE and DC.

In Exercise UCc 2 the same constitutive laws were used similar to the exercise before.

But now each stress level was considered for itself so that for each stress level an indi-

vidual pre-exponential parameter was occupied. In this way a better agreement of

strain rates in the first and second stress level should be found.
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Table 4.18: Exercise UCc 2 - Active constitutive laws for salt concrete are colored.

Changed respectively varied parameters are marked red

LINEAR E [MPa] v [] do [-]
ELASTICITY 10.000 0.18 0.06
An
DISI&%EQEON (1/1*MPa’] Qa[J/mol] n[-
varied 54.000 5
A [MPa’
m [ B | Qumol | all | Wald
VISCOPLASTICITY - - - - -
ay [-] az [-] as [-] ay [-] as [-]

Fig. 4.16 shows the calculation results of several pre-exponential parameters from
2.08+10°® (corresponds to creep class 2) up to 66.56*10° for the stress level of 5 MPa,
only. The selection of the pre-exponential parameter was geared to the end value of
strain, which was reached after 106 days, if development of strains from laboratory re-
sults and calculations are compared. The pink and green curve shows a good agree-
ment to laboratory results. Because of the discontinuities in the green curve, the pink
curve with a pre-exponential parameter of 40.0¥10° was chosen. The discontinuities in
the beginning of the curves results probably from the process of iteration. If the iteration

process starts, a balance has to be found.

In the second stress level of 10 MPa the deformations of the specimens of laboratory
tests were higher, so lower pre-exponential parameters for calculation were needed in
contrast to the stress level of 5 MPa (Fig. 4.17). The gradient is too small for pre-
exponential parameters of 0.26*10° and 0.52*10° and the gradient is too big, if pre-
exponential parameters greater than 1.6*10° were used. So a pre-exponential parame-

ter of 1.04*10° was chosen for stress level two.
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Fig. 4.16 Variation of pre-exponential parameter in first stress level of 5 MPa
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Fig. 4.17 Variation of pre-exponential parameter in second stress level of 10 MPa

The deformations increased significantly, if the axial stress reached a value of 20 MPa.

Consequently the pre-exponential parameter had to decrease. For this stress level a
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pre-exponential parameter of 0.2¥10° was chosen (Fig. 4.17), because the associated

curve approximate well to the gradient of laboratory results.
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Fig. 4.18 Variation of pre-exponential parameter in third stress level of 20 MPa

After an individual pre-exponential parameter for each stress level was found, all pre-
exponential parameters were summarized in one calculation. The development of
strains is shown in Fig. 4.19. Here the gradients of the curves of laboratory tests and
from calculation are similar. Elastic deformations from calculation accord to laboratory

test results in first and second stress level, but are too small in third stress level.

Strain rates are compared in Fig. 4.20. They are in the same range in each stress level
for laboratory and calculation results. But in first and second stress level, no constant

strain rate were reached.
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Fig. 4.19 Calculation using an individual pre-exponential parameter for each
stress level
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Fig. 4.20 Strain rates for calculation using different pre-exponential parameters in

each stress level
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Additional calculation results show, that the process of iteration was not stable for all
pre-exponential parameters, when the value was between two creep classes. The
green curve in Fig. 4.17 clearly shows the respective behavior and the development of

strain rates in Fig. 4.20.

Further deficit of Exercise UCc 1 and 2 is that the used constitutive laws were not able
to describe transient creep and dilatancy. Therefore, no further application for approach

using only HOOKE and DC by different pre-exponential parameters follows.

Finally the comparison between laboratory and calculation results, using HOOKE and
DC supports the thesis from simulation of the TC-Test, that a different deformation be-
havior of the salt concrete is expected, if the stress increases from 10 to 20 MPa. This
perception was used for next calculations. Hence further calculations were graduated

in two phases:

e Phase 1 describes the deformation behavior for stress levels of 5 MPa and
10 MPa and

e Phase 2 describes deformation behavior at a stress level of 20 MPa.

The description starts with phase 2, due to the connection to the TC-Test calculation

results.

Until now only HOOKE and DC were used for describing the UCc-Test. But it was not
possible to describe transient creep or shear thickening deformations by using only
these constitutive laws. Hence the VP will be adapted to phase 2 in the following steps.

The VP, which was used for calculation of the TC-Test, was used in Exercise UCc 3a.
The parameters were used for the first calculation, which were defined for the calcula-
tion of TC-Test. Additionally only HOOKE was used correspondent to the Exercise TC

2. Used constitutive laws and its parameters are summarized in Tab. 4.19.

The elastic deformation at the first stress level is in the right range, but there are no
viscoplastic deformations. In second stress level elastic deformations are too small and
viscoplastic deformations too high (Fig. 4.23). In the third stress level strains are clearly
too high and reach values higher than 25 % (Fig. 4.21). The development of porosity is
able to differ between transient creep deformations and the dilatancy induced defor-

mations.
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Table 4.19: Exercise UCc 3a - Active constitutive laws for salt concrete are colored.

Changed respectively varied parameters are marked red

LINEAR E [MPa] v [-] do [-]
ELASTICITY 10.000 0.18 0.06
An
DISLOCATION moan | Qald/mol] n [+
CREEP [1/1"MPa ] - -
A [MPa
m [ By | Qmoll | ald | Wald
VISCOPLASTICITY 8 510 54.000 0.0 3.5
a [-] a [-] az [-] a [-] as [-]
2.05 0.0 2.5 0.0 0.02

Fig. 4.22 shows, that porosity slightly decrease in second stress level and clearly in-
crease in third stress level. Transient creep generated deformations in the second
stress level because the decreasing porosity indicates, that the specimen was com-
pacted. Deformations in third stress level were generated by dilatancy, because the
volume of the specimen increased. This supports the assumption of a different defor-
mation behavior in phase 1 and phase 2. So in further calculations only the third stress
level (correspond to phase 2) was considered. Phase 1 will then be considered in the

next section.
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0,=5 MPa (= 0 - 106 days)
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Fig. 4.21 Calculation of the UCc-Test using the LINEAR ELASTICITY law and
VISCOPLASTICITY model with parameters of Exercise TC 2
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Fig. 4.22 Development of porosity using the LINEAR ELASTICITY law and
VISCOPLASTICITY model with parameters of Exercise TC 2

Because the parameters analogue to TC-Test were not suitable for simulating the UCc-
Test, the parameter a; for the stability of the material and a,, a; and ag for limiting of

volumetric strain were varied in Exercise UCc 3b.

Table 4.20: Exercise UCc 3b - Active constitutive laws for salt concrete are colored.

Changed respectively varied parameters are marked red

LINEAR E [MPa] v [] oo [-]
ELASTICITY 10.000 0.18 0.06
Ap
DISLOCATION o | Qa[d/mol] n [
CREEP [LA"MPa ] - -
A [MPa
m [ B | Qumon | asll | Wl
VISCOPLASTICITY 8 5107 54.000 0.02 3.5
a [-] a [-] as [-] ag [-] as [-]
varied 1.8 25 0.7 0.02

At first volumetric deformations were limited again. Values of parameter a,, a; and as
were used correspondent to Tab. 4.13. Deformations became smaller in this way, but
especially in third stress level they were still too big (Fig. 4.23, purple curve). The po-
rosity increased around 1 % in the third stress level (Fig. 4.24).
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Fig. 4.23 Exercise UCc 3a-b - Variation of parameter al and a2 plus variation of

the pre-exponential parameter (PP)
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Fig. 4.24 Exercises UCc 3a-b - Development of porosity for calculations in phase2

It was expected, that during calculation dilatancy was still too high by an axial stress of

20 MPa with respect to the laboratory results. Hence dilatancy was limited using a;
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equal to 1.8. Now deformations in third stress level became smaller (red curve in
Fig. 4.25) and were located below the deformations of the laboratory test. The increase

of porosity was clearly smaller now, Fig. 4.26.

Correspondent to laboratory results a combination of viscoplastic deformations and sta-
tionary creep is expected by an axial stress level of 20 MPa. Hence, in Exercise UCc
3c stationary creep was considered by DC using the pre-exponential parameter of

0.2*10°® analogue to the individual adaptation in third stress level in Exercise UCc 2.

Table 4.21: Exercise UCc 3c - Active constitutive laws for salt concrete are colored.

Changed respectively varied parameters are marked red

LINEAR E [MPa] v[-] do [-]
ELASTICITY 10.000 0.18 0.06
Aa
DISIE:(;CELIDECFI;ION (1/1*MPa’] Qa[Jd/mol] n [
varied 54.000 5
A [MPa’
m [ Ber® | Qumon | asfl | Wl
VISCOPLASTICITY 8 5107 54.000 0.02 35
a [-] az [-] ag [-] ay [-] as []
1.8 1.8 2.5 0.7 0.02

Now the gradient of the curve was too steep (Fig. 4.25, blue curve). The difference of
the gradient between this calculation and Exercise UCc 2 could result from the addi-
tionally viscoplastic deformations here. This means, that by using DC and VP for calcu-
lation a smaller pre-exponential parameter has to be used. Below a pre-exponential pa-

rameter equal to 0.065*10° was used.

The green curve shows a good agreement to laboratory test in curvature and gradient
in the lower sector of laboratory tests (Fig. 4.25). Additional the porosity increased in
third stress level (Fig. 4.26), which supports, that the onset of dilatancy occurred first by

an axial stress of 20 MPa.
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Fig. 4.25 Exercise UCc 3c - Variation of parameter al and a2 plus variation of the
pre-exponential parameter (PP) by using LINEAR ELASTIC LAW,
DISLOCATION CREEP law and VISCOPLASTICITY model
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Fig. 4.26 Exercises UCc 3c-d - Development of porosity for calculations in phase2
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Probably volumetric deformation could be higher against the result of the parameter
combination from Exercise UCc 3c (green curve). Hence parameter a; was increased
to 1.85 and 1.9 in the following Exercise UCc 3d.

Table 4.22: Exercise UCc 3d - Active constitutive laws for salt concrete are colored.

Changed respectively varied parameters are marked red

LINEAR E [MPa] v [] do [-]
ELASTICITY 10.000 0.18 0.06
Ap
DISIé(;(éé'IF;ION (1/1*MPa’] Qa[J/mol] n [
0.065e® 54.000 5
A [MPa’
m [ B | Qrmoll | acld | Wl
VISCOPLASTICITY 8 5%107° 54.000 0.02 35
a [-] az [-] ag [-] ay [-] as []
varied 1.8 25 0.7 0.02

Calculations results show that deformations increase using higher values of a;. The
sector of laboratory results is well covered by using a; from 1.8 up to 1.9. The curve for
a; equal to 1.8 is located in the lower sector and for a; equal to 1.9 in the upper sector.
The results are showed in Fig. 4.27.

Additionally strain rates reached a similar range than in the laboratory tests (Fig. 4.28).
The nomenclature of the strain rates results from the discontinuities, which are shown
in the development of strains in Fig. 4.27. For an exponential smoothing of the curves
an adaptation of the iteration steps is necessary. This adaptation will follow in the end
of UCc-Test simulation, because here the development of strain and strains rates was

only considered quantitatively here (not shown in the figures).

The development of porosity shows for all calculations that the porosity increases in
third stress level. So there is an interaction of elastic deformations, transient and sta-

tionary creep and dilatancy. This correlates to assumptions from laboratory tests.

The finally used parameters for calculation of UCc-Test in the third stress level are

summarized in Tab. 4.26 in the end of the chapter.
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Fig. 4.27 Depiction of the deformation behavior by considering LINEAR
ELASTICITY LAW, DISLOCATION CREEP law and VISCOPLASTICITY

model after Exercise UCc 3d
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Fig. 4.28 Strains rates in third stress level using parameters of Exercise UCc 3d
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Now the parameters of VP were adapted to the first and second stress level. Laborato-
ry tests showed that in this phase transient creep is expected. But with using parame-
ters correspondent to Exercise UCc 3, a transient creep behavior could not be repro-
duced in phase 1. Therefore, the influence of three parameters — viscosity, material

stability and volumetric extension — to transient creep behavior was investigated.

In Exercise UCc 4a the influence of viscosity A to transient creep was investigated. The
pre-exponential parameter was equal to 0.2¥10°®, correspondent to the results of Exer-
cise UCc 2. It was chosen from the third stress level, because investigations before
have showed, that only in phase 2 stationary creep can be expected. Deformations in
phase 1 occurred probably by elastic deformations and transient creep, so that the pre-
exponential parameter has no influence to the evolution of deformations in phase 1.
Additional a; was set to 1.33 as in Exercise TC 2 because onset of dilatancy should be
excluded.

Table 4.23: Exercise UCc 4a - Active constitutive laws for salt concrete are colored.

Changed respectively varied parameters are marked red.

LINEAR E [MPa] v [] o [-]
ELASTICITY 10.000 0.18 0.06
An
DISIéCI%(éé'FF)ION (1/1°MPa] Qa[J/mol] n[-|
0.2e* 54.000 5
A [MPa
m [ Be? | Qumol | sl | Wl
VISCOPLASTICITY 8 varied 54.000 0.02 3.5
a [-] az [-] ag [-] ay [-] as [-]
1.33 1.8 2.5 0.7 0.02

Viscosity was set to 5.0*10 1/s in first calculations correspondent to /WIE 10/. The re-
sults in Fig. 4.29 show, that only elastic deformations and stationary creep in the third
stress level occur (orange curve). This means, that the chosen viscosity is too high for
simulating transient creep deformations. Fig. 4.30 shows the development of porosity.
Porosity decreases at each increase of stress for this calculation, so that no onset of di-

latancy occurred.

Viscosity was increased for next calculation to 5.0*10™" 1/s and thus deformations in-
creased clearly. The blue curve shows deformations similar to transient creep in all
stress levels, but deformations were clearly too high. The porosity increases at second
stress level. Hence, transient creep and dilatancy deformation occur, when viscosity is

increased.
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Fig. 4.30 Exercise UCc 4a - Development of porosity by varying viscosity (A)

Hence viscosity was decreased again to 5.0*10* 1/s. The results show, that transient

creep occurred in second stress level, but not in the first one. Porosity increased rarely

in second stress level. Elastic deformations are similar to the elastic deformations of
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laboratory test. So a viscosity of 5.0e™ 1/s was chosen for the next calculations. A bet-
ter adaptation should be found by variation of parameters for stability of the material

and volumetric strains in following exercises.

The peaks in blue and pink curve could occur because the process of iteration was not
stable at that point. An adaptation of the steps of iteration would be necessary. But the
considerations were only quantitative here and the results are not final. So an adapta-

tion of iteration’s steps follows later only for the final results.

In Exercise UCc 4b parameters were used correspondent to Exercise UCc 4a. But a;
was increased for a better adaptation of the deformations from transient creep. By in-
creasing a; the material stiffness decreased and allowed creep deformations at smaller

stress levels.

Table 4.24: Exercise UCc 4b - Active constitutive laws for salt concrete are colored.

Changed respectively varied parameters are marked red.

LINEAR E [MPa] v [] o []
ELASTICITY 10.000 0.18 0.06
An
DISIE:(;(I;IAE\;ION (1/1*MPa"] Qa[J/mol] n[-|
0.2e* 54.000 5
A [MPa
m [ B | Qumoll | asld | Wl
VISCOPLASTICITY 8 5.0e™ 54.000 0.02 3.5
a [-] az [-] ag [-] ay [-] as [-]
varied 1.8 25 0.7 0.02

Results are shown in Fig. 4.31 and the development of porosity in Fig. 4.32. The pink
curve shows the calculation result from Exercise UCc 4a using a; equal to 1.33. Next
calculation was executed using a; equal to 1.6 (brown curve). If the material becomes
less stiff, deformations increase. But now strains were clearly too high in all stress lev-
els. Consideration of development of porosity shows, that additionally to transient creep

shear thickening deformations developed.

Hence an a; equal to 1.5 was used (blue curve). The development of strains in first
stress level, especially the curvature in the curve, which describes the transient creep,
could be described. Strains in second stress level were too high, additional the porosity

increased. So there are shear thickening deformations, too.
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Exercise UCc 4b - Development of porosity

In Exercise UCc 4c¢ volumetric strains have to be limited because strains were still too

high and porosity increased in second stress level. Hence, a, was varied for limiting the

volumetric extension.
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Table 4.25: Exercise UCc 4c - Active constitutive laws for salt concrete are colored.

Changed respectively varied parameters are marked red

LINEAR E [MPa] v [] oo []
ELASTICITY 10.000 0.18 0.06
Ap
DISIE:(;CE:,IGECII;ION [1/1*MPa'] Qa[J/mol] n[-|
0.2e® 54.000 5
A [MPa’
m [ Bey | Qrmoll | acld | Wl
VISCOPLASTICITY 8 5.0e™ 54.000 0.02 3.5
a [-] a [-] ag [-] ag [-] as [-]
1.5 varied 25 0.7 0.02

As before, the blue curve in Fig. 4.33 shows calculation result equivalent to Exer-
cise UCc 4b. Below the volumetric strains were limited by increasing a,. If a, equal to
2.5 was used, strains are similar to laboratory results in first stress level (violet curve).
But strains are still too high in second stress level. So a, was increased to 3.0 (green
curve). Now the development of strains in first and second stress level is similar to la-

boratory results.
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Fig. 4.33 Exercise UCc 4c - Variation of parameter a2

Additionally porosity did not increase in first and marginal in second stress level
(Fig. 4.34). So the part of shear thickening deformations is very small in phase 1 and is

in an acceptable range for numerical calculations. In consideration of phase 2 can be
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seen, that elastic deformations as soon as, transient and stationary creep are in a simi-
lar range as in laboratory results. Porosity increased in the beginning of the third stress
level, but decreased from 200 days again. So shear thickening deformations are also

very small in this phase.
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Fig. 4.34 Exercise UCc 4c - Development of porosity

In the sections before parameters for an adaptation in phase 1 and phase 2 were
found. But the investigations showed that there was no combination of parameters,

which were able to describe the behavior at all stress levels.

Hence the parameters of phase 1 and phase 2 were combined in this Exercise UCc 5.
In first and second stress level, parameters of phase 1 were used, in third stress level
parameters of phase 2. Tab. 4.26 summarizes all constitutive laws and used parame-

ters of phase 1 and phase 2.
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Table 4.26: Exercise UCc 5 - Active constitutive laws for salt concrete are colored.

Changed respectively varied parameters are marked red

SO | R R
(Phase 1/2) 10.000 0.18 0.06
Aa
DISLOCATION n | Qa[d/mol] n [
1/1*MPal
CREEP (Phase 1) [ 026" ] 54.000 5
DISLOCATION [1/1,%\%“] Qald/mol] | n[
EREERIERASEZIN "1 1656 54.000 5
A [MPa
m [ By | Qumol | ald | Wl
VISCOPLASTICITY 5 s =000 0.02 35
Phase 1 : ' : :
( ) 2 [] a, [ a [ a. [ as [
15 3.0 2.5 0.7 0.02
A [MPa
m [ Ney | QUmoll | ald | Wl
VISCOPLASTICITY 5 s 52,000 0.02 3t
Phase 2 . ' : :
( ) a [ 2, [ a; [ 2. [ as [
1.9 18 2.5 0.7 0.02

The result of the combined constitutive laws is shown by the pink curve in Fig. 4.35. Its
development corresponds well to the development of stains of the laboratory test.
Probably strain rates could be a little bit too small in first stress level and a little bit too

high in second stress level.

Additional the individual deformation components are shown in Fig. 4.35. If the calcula-
tion was executed only by HOOKE, there are only elastic deformations at the moment
of increasing axial stress and no further deformations until the next increase of axial
stress followed. Below HOOKE was combined with transient creep by using the VP
with parameters analogue to phase 1. Now there are transient creep deformations in all
stress levels. Strains increase fast in the beginning after increasing axial stress. Strain
rates decrease gradually and consequently strains increase less with further interval to

load increase. This phenomenon is clearly to see in phase 2.

In the next step DC was used additionally to HOOKE and VP. The development in
phase 1 is nearly identical to the calculation before. Stationary creep is of less im-
portance in stress levels up to 10 MPa. In third stress level stationary creep becomes
relevant. The curve increases and strains increase constant. This corresponds to the

assumptions from laboratory results.
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4.3.4 Discussion

All components of deformation are pictured by the pink curve, which was described in
the beginning of this section. The components — elastic deformations, transient and
stationary creep as soon as dilatancy — are considered by using the combined parame-
ters of phase 1 and phase 2.
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Fig. 4.35 Depiction of the deformation components, which results of the parameter
variations before and the combination of adaptation in phase 1 and
phase 2. Deformations consist of elastic deformations (HOOKE), transi-
ent creep (TC), dislocation creep (DC) and dilatancy (DI)

The development of strain rates is shown in Fig. 4.36 versus time and in Fig. 4.37 ver-
sus axial strain. Both figures show the development of strain rates resulting from the

individual deformations components correspondent to Fig. 4.35.

If linear elastic and transient creep deformations were combined (using HOOKE and
VP with parameters from phase 1), strain rates are high in the beginning after increas-
ing axial stress and become smaller gradually (Fig. 4.36). Two values of strain rate are
clearly too small in the first stress level. Probably this might be a problem of iteration,
because the curve in Fig. 4.35 has a small break at this moment. This deviation dis-

solves in further calculations by using more constitutive models.
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Fig. 4.37 Exercise UCc 5 - Comparison between strain rates versus axial strain of

laboratory tests and calculation results

Generally strain rates are in the right range for phase 1. In phase 2 strain rates are too

small, because stationary creep and dilatancy were not considered yet. Fig. 4.37
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shows the same circumstances: Strain rates are in the right range for phase 1, but are

clearly too small in phase 2. Consequently strains are too small.

If DC was used additionally to HOOKE and VP (with parameters for phase 1), the de-
velopment of strain rates is similar as before in phase 1 in Fig. 4.35 and Fig. 4.36. The
different steps of iteration can explain the small differences between the calculated
strain rates. The deviation of strain rates in the first stress level from calculation before
was extinct, which supports the assumption, that the process of iteration can explain
the aberrations. Hence, stationary creep has less influence to phase 1. In phase 2
strain rates show a different development versus the calculation without DC. Fig. 4.35
and Fig. 4.36 shows that strain rates are higher than before. They adapted much better
to the laboratory results. Only in the beginning they decrease to fast, probably.

Finally strain rates by using DC, HOOKE and VP with combined parameters for phase
1 and phase 2 were considered. Strain rates are in a good range for second and third
stress level in both figures. Strain rates decrease more slowly in phase 2 because of
the shear thickening material behavior. In the first stress level strains are a little bit too
small in the second part (Fig. 4.36) as expected from consideration of Fig. 4.35. The
depiction of strain rates versus strains shows, that strains develop rarely at a stress
level of 5 MPa and become higher in the second stress level. A clear development of
strains is shown in third stress level. This development corresponds to the laboratory
results. So the consideration of the development of strain rates supports, that the time
dependent deformation behavior of salt concrete is well simulated by using HOOKE,

DC and VP with individual parameters for phase 1 and phase 2.
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4.4 Simulation of the triaxial creep test

44.1 Model geometry

For simulation of the triaxial creep test, a 2-D model was designed in GiD. The size
specifications can be seen in Fig. 4.38. The model uses an axial symmetry around the
y-axis, which is applicable due to the cylindrical shape of the sample. The steel piston
is included in the model, as it is required to consider the loading induced conical re-

gions of higher stress, which would else not be reproduced by the simulation.

symmetry axis

200 mm
steel piston

100 mm
salt concrete
Q

Fig. 4.38 Model layout in GiD for numerical calculation of the TCc-Test, showing

geometry and meshing details

The mesh for simulation of the triaxial compression test was carried out with rectangu-
lar elements. The salt concrete was meshed by 250 rectangles with dimensions of 4
mm x 2.5 mm, not changing in size over the whole length of the sample. In order to
achieve a finer discretization at the material transition, the mesh of the steel piston (250

rectangles) is denser at its lower boundary and gradually coarsens in y-direction. This
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is due to the expectation, that the deformation and stresses are sensitive in this zone.

The total amount of nodes for the used mesh is 561.

4.4.2 Boundary conditions and material properties

For constraining displacements in horizontal and vertical direction at the bottom of the
salt concrete and in horizontal direction at the steel piston, nodal forces were generat-
ed at these parts of the model (Fig. 4.38). The fixed boundary condition at the bottom
does not accord to the real situation of the test sample, but was necessary for numeri-
cal calculation of the model. Stresses were applied according to the different load lev-

els of the triaxial creep test.

Initial temperature, stress and porosity were assigned on the surfaces of salt concrete
and the steel piston. The initial temperature corresponds to average temperature dur-
ing the laboratory test and the initial stress is equal to atmospheric pressure. Initial po-
rosity of salt concrete was in accordance with average porosity of the samples. The

used initial values are shown in Table 4.1.

Table 4.1: Values of initial conditions for TCc-Test

Salt concrete Steel
Initial temperature [°C] 24 24
Initial stress [MPa] -0.1 -0.1
Initial porosity [-] 0.058 0.001

Different constitutive laws were used in order to describe the mechanical behavior of
the samples. For the steel piston HOOKE was used. According to previous results from
modelling salt concrete in triaxial compression and uniaxial creep tests /CZA 15/, salt
concrete is supposed to have a linear elastic part and a viscoplastic part of deformation
behavior. Therefore HOOKE, DC and VP were used for calculation. Parameters for
HOOKE are shown in Table 4.2. As the material was already damaged before being
tested, the elastic modulus of salt concrete probably is not applicable for the numerical
calculation. Therefore a new elastic modulus was calculated, based on the loading be-
haviour at the transition of phase 1 to phase 2, as the resolution at this boundary is
best for all phases. The initial elastic modulus for pre-compaction of salt concrete has
been significantly lowered to fit laboratory data, as due to non-deviatoric loading, an

elastic modulus could not be calculated.
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Table 4.2: Final used parameters for the Linear Elasticity law

E-Modulus Poisson ratio Reference porosity
E [MPa] v[] D []
Salt concrete (initial) 5400 0.18 0.058
Salt concrete 25.000 0.18 0.058
Steel 210.000 0.27 0.001

It is important to note, that the constitutive law for DC is only able to describe stationary
creep. Previous studies on material parameters of rock salt, yield good results for DC
parameters similar to those for rock salt, described by /BGR 03/. However the pre-
exponential parameters stay in the order of creep classes 0, 1 and 2 (comprising
0.065e® to 0.26e® 1/1*MPa") for triaxial compression and uniaxial creep tests
/CZA 15/. Only if those parameters do not sufficiently describe stationary creep in the
present study, the full range of creep classes will be considered. The parameters for

DC are shown in Table 4.3.

Table 4.3: Material properties for DISLOCATION CREEP law of saline materi-

als
Pre-exponential Activation Stress power
Creep class parameter energy n [
Ax [1/1*MPa"] Qa [J/mol]
Salt  con- 5 0.065e° - 0.26e° 54000 5
crete

To describe transient creep and dilatancy of salt concrete, the VP model was used. Da-
ta from previous parameter calibration /CZA 15/ yields good results for the parameter
sets in Table 4.4. Therefore, curve fitting is at first attempted with these parameters,

before it is evaluated if an adaption is necessary.

Table 4.4: Parameters for the VISCOPLASTICITY model from /CZA 15/; triaxial

creep test)

Stress Viscosity Activation
power A [MPas] energy as[-] Wo [-]
Parameter m [-] Q [J/mol]
set 1 8 510 54.000 0.02 3.5
ai[-] az[-] az[-] aq[-] as [-]
2.5 1.8 2.5 0.7 0.02
m [] A [MPa™s] | Q[J/mol] as [-] Wao[]
Parameter 8 5%10° 54.000 0.02 3.5
set 2 ai[-] az[-] as[-] as-] as[-]
2.5 1.8 2.5 0.7 0.02
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Additional to the parameters used for HOOKE, DC and VP, some parameters were
needed for description of solid phase properties (Table 4.5). The density is the meas-

ured average density of the samples from TCc-Tests.

Table 4.5: Solid phase properties for calculation using CODE_BRIGHT
Specific heat Density EXF’]?;T‘S.'O” Reference
C. [J/(kg*K] 0. [kg/m?] coefficient temperature
s S o [1/°C] To[°C]
Salt concrete 855 2.076 4.2e” 35
Steel 500 7.850 1,0e® 35
4.4.3 Modelling results versus experimental data

Different types of exercises were executed for finding the best approximation of calcu-
lation results to the laboratory test findings. During the calibration procedure, it has be-
come evident, that the first deviatoric stress phase cannot be modelled with the same
parameter set as phase 2 and 3. In order to obtain deformations that resemble labora-
tory data during phase 1, parameters would have to be modified in a way, which would
produce unrealistically high deformations in the other two phases. In order to allow bet-
ter comparability of laboratory tests and modelled curves, laboratory data has been fit
at the beginning of phase 2.

Exercise 1: The parameter set from a previous study was used (HOOKE, DC and VP),

as it has been successfully applied on modelling undamaged salt concrete.

Exercise 2: As the sample consists to 70% of rock salt, the occurrence of dislocation
creep is expected. However no phase of stationary creep could be identified in the ex-
perimental data. Therefore strain rates of a numerical calculation using HOOKE and
DC are compared with laboratory strain rates in order to define an upper boundary for

the amount of strain, dislocation creep may contribute to absolute deformation.

Exercise 3: Viscoplastic deformation modelled with CODE_BRIGHT using the previ-
ously established parameter set was too low (cf. Exercise 1) and tertiary creep did not
occur, therefore parameters of the VP model were modified. The exercise was split in
parts a, b and c and exclusively examines the behaviour during phase 3 (ogey = 36
MPa), as this phase is crucial for modelling tertiary creep. In exercise 3a, parameters of
HOOKE and DC were used according to exercise 2 and parameter a, in the VP law

was varied to allow tertiary creep. Exercise 3b aimed to adjust the onset of tertiary
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creep , which in exercise 3a deviates from laboratory data by modifying parameter W 4.
As strain rates were still too high after calculating exercise 3b, parameter a, was varied

in exercise 3c to achieve an adequate fit.

Exercise 4: Numerical calculation was executed using HOOKE, DC and VP with the
parameters established in Exercise 2-3. The resulting deformations are broken down

by mechanical constitutive laws, in order to illustrate the contribution of each law.

The level of axial stress is the changing condition between the different intervals in
each calculation exercise. The increase in axial stress was simulated in smaller inter-
mediate steps analogue to the progression of pressure in TCc-Test. The calculation
was executed in eight intervals as constituted in Table 4.6. These time steps apply for

all calculations.

Table 4.6: Time steps of calculation at TCc-Test; colours represent o; and os

at the end of each interval.

Interval Name Time [Days] Simulation
1 0.00-0.01 Axial stress increases from 0.1 MPa
to 10 MPa; Radial stress increases
from 0.1 MPa to 10 MPa

2 Pre-compaction 0.01-13.04 Axial stress of 10 MPa; radial stress

phase of 10 MPa
3 13.04 - 13.05 Axial stress constant at 10 MPa; ra-
dial stress decreases from 10 MPa

to 2 MPa
4 phase 1 13.05 -69.01 Axial stress of 10 MPa; radial stress

of 2 MPa
5 69.01 — 69.02 Axial stress increases from 10 MPa
to 18 MPa; radial stress constant at

2 MPa

6 phase 2 69.02 — 116.13 | Axial stress of 18 MPa; radial stress

of 2 MPa
7 116.13 — 116.14 | Axial stress increases from 18 MPa
to 38 MPa; radial stress constant at

2 MPa

8 phase 3 116.14 — 139.00 | Axial stress of 38 MPa; radial stress

of 2 MPa

Exercise 1:

In Exercise 1, parameters from (/CZA 15/,

Table 4.7) were used in order to model salt concrete with HOOKE, DC and VP. They
were calibrated for triaxial compression tests (set 1) and uniaxial creep tests (set 2) on

undamaged salt concrete.
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Table 4.7: Parameters for numerical calculations in Exercise 1.

LINEAR E [MPa] v [] do [-]
ELASTICITY
(set1/2) 25.000 0.18 0.06
Ap )
DISLOCATION | ustipay | :0moll | n
0.2e® 54.000 5
A [MPa’
m [ Bey? | QUmol | asl] | Weol
V'SCO(Z;ff)T'C'TY 8 5.0e™ 54.000 0.02 3.5
a [-] az [-] ag [-] ag [-] as [-]
1.5 3.0 2.5 0.7 0.02
Ap
DISLOCATION | ustipgy | :0moll | n1
0.065e® 54.000 5
A [MPa’
m [ Bey” | Qumoll | ] | Wl
V'SCO(Z;fg)T'C'TY 8 5.0e° 54.000 0.02 35
a [-] az [-] ag [-] ag [-] as [-]
1.9 1.8 2.5 0.7 0.02

Fig. 4.39 shows the results of numerical calculation compared with laboratory data. It is
evident, that the used parameter set cannot sufficiently describe the deformation be-
havior, observed in laboratory tests, as a viscoplastic component in modelled defor-

mation is almost completely absent. The cause might be the increased radial stress of

2 MPa, compared to 0.1 MPa in the test for which the parameters were established.

This increase in radial stress leads to a higher stiffness of the sample, hence visco-
plastic parameters calibrated for the weaker material have to be adapted for the current

model. As parameter set 2 shows at least a little amount of viscoplastic deformation,

adaption in Exercise 3 will be based on this set.
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Fig. 4.39: Comparison between the results of the laboratory TCc-Test and the re-
sult of numerical calculation using LINEAR ELASTICITY, DISLOCATION
CREEP and VISCOPLASTICITY law with parameters from /CZA 15/.

Exercise 2:

Before adapting the viscoplastic parameters, an upper boundary for the dislocation
creep component in total deformation is established. This serves the purpose to al-
ready model absolute deformation in Exercise 3 and avoids a “back and forth” iterative
process incorporating continuously changing either viscoplastic or dislocation creep pa-
rameters in order to obtain the best fit. Dislocation creep describes the component of
transient creep. Phase 2 from 69 to 116 days has been identified as being most vul-
nerable to dislocation creep among the 3 phases. Therefore, the upper limit is estab-

lished in this phase.

Numerical calculations were executed using different creep classes, according to
BGRO03. Parameters were as in Table 4.8. As previous numerical calculations on salt
concrete have been successfully adapted for pre-exponential parameters A, in the
range of creep class 0-2 (0.065 — 0.26 [1/1*MPa"]), this range is examined in Exercise
2. Furthermore, creep class 3 (A, = 0.56 [1/1*MPa"]) has been included.
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Table 4.8: Exercise 2 - varied parameters are marked red

LINEAR ELASTICITY E [MPa] v [-] do [-]

(setl/2) 25.000 0.18 0.06

DISLOCATION CREEP A, [1/1*MPa"] Qa[J/mol] n [-|
(set 1) varied 54.000

Fig. 4.40 shows the results of numerical calculations using different pre-exponential pa-
rameters. It is important to note, that the lowest strain rates occur at the end of phase
2. Strain in creep class 3 is significantly too high. This is also confirmed by the strain
rate diagram (Fig. 4.41). Additionally strain rates in creep class 2 are too high for sam-
ples 1060 and 1062 at the end of deviatoric stress phase 2, while creep classes 0 and
1 are in good agreement with laboratory tests. Therefore the upper boundary of dislo-
cation creep is set at creep class 1, which corresponds to A, = 0.13 [1/1*MPa"]. As vis-
coplastic deformations will add up to the deformations from dislocation creep, class 1 is
probably still too high. Thus creep class 0 (0.065 [1/1*MPa"]) is considered for the fol-

lowing calculations.

0,34 -
0,32
0,3
£028
£
g
0,26 |
0,24
——laboratory tests
] HOOKE / DC; Aa = 0.065
0,22 ] —HOOKE / DC; Aa=0.13
by ——HOOKE / DC; Aa = 0.26
] —HOOKE / DC; Aa = 0.52
0,2 T T T T T T T T
68 73 78 83 88 98 103 108 113
time [days]
Fig. 4.40: Comparison between the results of the laboratory TCc-Test and model-

ling, using LINEAR ELASTICITY and DISLOCATION CREEP law with

various pre-exponential parameters correspondent to creep classes 0 to

3
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Fig. 4.41: Strain rates for numerical calculations using different pre-exponential pa-
rameters in comparison with laboratory data (circles)
Exercise 3a:

Due to the material behaving too stiff in numerical calculations using the parameter
sets from /CZA 15/, it was not able to describe tertiary creep (as indicated by strain rate
acceleration) observed in laboratory tests. Therefore, a, is varied in order to permit
greater volumetric extension and with this, tertiary creep. Due to the fact that a, influ-
ences both, the flow rule G and the stress function F (cf. Equation 4.11), it was chosen
for this adaption. The parameters used for the numerical calculation can be seen in
Table 4.9.

Table 4.9: Exercise 3a - varied parameters are marked red

LINEAR E [MPa] v [-] do [-]
ELASTICITY 25.000 0.18 0.06
Aa
DISIE:OR(éé'Il;ION (1/1:MPa’] Qa[J/mol] n [
0.065e™® 54.000 5
A [MPa Q
m ['] 1*8] [J/mol] as ['] Wiao [']
VISCOPLASTICITY 8 5e” 54.000 0.02 35
ay [-] a [] as [-] aq [-] as []
1.9 varied 2.5 0.7 0.02

Fig. 4.42 shows the results of varying a, in phase 3 (0gey = 36 MPa). In contrast to la-
boratory data, curves modeled with a, = 0.9 and 0.8 show no strain acceleration. Only
at the tail of the curve a, = 0.7, a slight upward bending can be observed, which is in-
terpreted as tertiary creep. This becomes more evident in Fig. 4.43, which shows the

equivalent strain rates.
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Fig. 4.42: Comparison between the results of the laboratory TCc-Test and model-
ling, using LINEAR ELASTICITY, DISLOCATION CREEP and
VISCOPLASTICITY law with a, between 0.9 and 0.7
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Fig. 4.43: Strain rates for numerical calculations varying parameter a, between 0.9

and 0.7
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Again, values for a, of 0.9 and 0.8 are obviously too high, as they show no strain ac-
celeration and thus no tertiary creep. At axial strain of about 3.1% there is a sudden
onset of tertiary creep in the curve using a, = 0.7, which is indicated by a blue box. Af-
ter this point, strain rates continuously increase, so strain acceleration and hence ter-
tiary creep occurs. However, in laboratory data, the onset of tertiary creep has been
identified at lower axial strains between 1.45 and 1.75% (grey box in Fig. 4.43). This
discrepancy will be examined in the forthcoming exercise 3b.

Exercise 3b:

In Exercise 3a, a parameter set was found, which is able to describe strain accelera-
tion. However the transition from strain hardening to strain acceleration in the model is
still at higher axial strains, than in experimental data and has yet to be calibrated. For
this purpose, the parameter Wy, representing plastic deformation work is varied. Due
to the parameter being in a Foeppl-bracket (cf. Equation 4.12), it constitutes the
threshold, at which strain acceleration is permitted. So Wy is reduced in order to allow
transition to strain acceleration at lower axial strains. As the threshold is never exceed-
ed in phase 2 (04.v = 16 MPa) deformations there are not affected by adjusting Wqo. Pa-

rameters used for the numerical calculation are displayed in Table 4.10.

Table 4.10: Exercise 3b - varied parameters are marked red

LINEAR E [MPa] v[] do []
ELASTICITY 25.000 0.18 0.06
An
DISIE:CF){(éé'FI;ION (1/1°MPa’] Qa[J/mol] n[-|
0.065e® 54.000 5
A [MPa’ Q
m ['] 1*3] [J/mOI] as ['] WdO [_]
VISCOPLASTICITY 8 5e° 54.000 0.02 varied
a [1] a [] as [-] aq [-] as []
1.9 0.7 2.5 0.7 0.02

Results from varying Wy, are shown in Fig. 4.44. Curves for a Wy, of 2.2 to 1.9 have
their onset of tertiary creep still outside the window, defined by experimental data, so
values for Wy, are too high. In contrast, the curve for Wy of 1.7 shows an onset of
strain acceleration corresponding well with the onset observed in laboratory tests.
Therefore, a Wy, of 1.7 is chosen for further calculations. However strain rates become
too high around axial deformations of 3.5 %, so this will be adjusted in Exercise 3c.
Note how the curves overlap before tertiary creep is triggered, as this gives evidence

for Wy acting as a threshold value.
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Fig. 4.44: Strain rates of numerical calculations for parameter Wy, between 2.2
and 1.7
Exercise 3c:

In Exercise 3b, the onset of tertiary creep was adjusted so that it is in agreement with
experimental data. Still strain rates during tertiary creep are a little too high in the mod-
el. This can be controlled by decreasing parameter a4, which is a pre-factor of the
Foeppl-bracket including W, (cf. Equations 4.12 and Exercise 3b) and therefore only is
active during strain acceleration. Hence reducing a, scales down deformations during
tertiary creep. It has to be stated for future calculations, that parameter as serves the
same purpose with the difference, that it also affects deformations during transient and

stationary creep.
In the present exercise, a4 is gradually decreased until strain rates during tertiary creep

fit with those observed in experimental tests. The parameters used for the numerical

calculation are shown in Table 4.11.
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Table 4.11

: Exercise 3c - varied parameters are marked red

LINEAR E [MPa] v [-] ¢o [-]
ELASTICITY 25.000 0.18 0.06
Ap
DISIE:(;CEIQ'FI;ION (1/1*MPa”] Qa[J/mol] n[-
0.065e® 54.000 5
A [MPa Q
m ['] 1*3] [J/mol] dg ['] WdO [']
VISCOPLASTICITY 8 5e° 54.000 0.02 1.7
a [-] a [-] ag [-] ay [-] as [-]
1.9 0.7 2.5 varied 0.02

Reducing a, effectively reduces the strain rate observed in numerical calculation (Fig.

4.45). While a value for a4 of 0.7 seems to high, values between 0.6 and 0.5 appear to

be in good

agreement with those measured in laboratory tests. But looking at Fig. 4.46

reveals, that for a, = 0.5, strain acceleration is very low and does not adequately de-

scribe the
Therefore,

9E-08

deformation behavior of the laboratory tests, especially around 135 days.
an a,4 of 0.6 is chosen for the final calculation.
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Fig. 4.46: Comparison between the results of the laboratory TCc-Test and model-
ling, using LINEAR ELASTICITY, DISLOCATION CREEP and
VISCOPLASTICITY law with a; between 0.7 and 0.5

Exercise 4

Numerical calculation is executed, using HOOKE, DC and VP parameters as estab-

lished in the previous Exercises 1-3 (cf. Table 4.12)

Table 4.12: parameters for numerical calculation of Exercise 4

LINEAR E [MPa] v [] do []
ELASTICITY 25.000 0.18 0.06
Aa
DISIé(;(éé'FI')ION [1/1*MPa"] Qa[J/mol] n[-|
0.065e™® 54.000 5
_ A [MPa Q ) )
m [] 1*3] [J/mol] aﬁ[] Wdo[]
VISCOPLASTICITY 8 5e” 54.000 0.02 1.7
a [-] ap [-] az [-] ay [-] as [-]
1.9 0.7 2.5 0.6 0.02

The results of combining the constitutive laws are shown in the red curve of Fig. 4.47

(phase 1 + 2) and Fig. 4.48 (phase 3). Its behavior corresponds well to laboratory tests

in phase 2 and 3, but is not able to describe deformations in phase 1.
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Deformation behavior is broken down into its individual components of each constitu-
tive law in Fig. 4.47 and Fig. 4.48. Calculations executed with only using linear elastic
law (HOOKE) show exclusively deformations during deviatoric stress increase. There
are no time-dependent deformations. Calculating with HOOKE and the dislocation
creep law (DC) yield the same elastic steps after stress increase, but also shows
steady-state creep, which leads to continuous deformation. Adding the viscoplastic
constitutive law to calculations results in transient creep deformations in phase 2 and 3,
which show a strain hardening effect, indicated by diminishing strain rates (Fig. 4.49). If
tertiary creep is allowed, it takes place in phase 3 (Fig. 4.48), where after initial transi-
ent creep, strain acceleration occurs, which indicates a propagation of microcracks.

Strains acquired from numerical calculations correspond well with those observed in
experimental data (Fig. 4.49). CODE_BRIGHT slightly underestimates viscoplastic de-
formations at the beginning of phase 2 (however less than half an order of magnitude)
and overestimates deformations of the first data point in phase 3 by one order of mag-

nitude.
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0,32 4
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o
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0,22
0,2 . . . . :
13 33 53 73 93 113
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Fig. 4.47: Comparison between the results of the laboratory TCc-Test and model-

ling in phase 1 and 2, using LINEAR ELASTICITY, DISLOCATION
CREEP and VISCOPLASTICITY law
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Fig. 4.48: Comparison between the results of the laboratory TCc-Test and model-
ling in phase 3, using LINEAR ELASTICITY, DISLOCATION CREEP
and VISCOPLASTICITY law
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Fig. 4.49: Strain rates of numerical calculations in phase 2 and 3
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The development of porosity is shown in Fig. 4.50 (note that there are two y-axes in or-
der to depict porosities for phase 1 and 2 in one diagram). Dilatancy occurs in both,
phase 2 and 3, but is in an order of 10° % for phase 2. For phase 3, porosity signifi-
cantly increases in conjunction with tertiary creep, which sets in at around 120 days

and causes an increase in porosity of about 15%.
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Fig. 4.50: Porosity development in phase 2 and 3 for numerical calculation
44.4 Discussion

During the course of Exercise 1-4, it has become evident, that LINEAR ELASTIC, DC
and VP laws can sufficiently describe the deformation behavior in phase 2 and 3. In
phase 1, deformations modelled with CODE_BRIGHT are significantly lower than those
observed in laboratory tests. When thinking of a possible explanation, one has to bear
in mind, that the sample exceeded the dilatancy boundary before being tested in the
laboratory, so the sample was already damaged. In the pre-compaction phase, at hy-
drostatic stress conditions (10 MPa), creep is higher, than in phase 1 with 8 MPa devia-
toric stress. This makes no sense when only considering processes for undamaged
material. We suggest that during pre-compaction and phase 1, damage induced micro
cracks and porosity were eliminated by grain rearrangement and creep of rock salt into

voids. As the effect on axial deformation of these processes decreases with reduction
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of void ratio, it explains the higher strains during pre-compaction, because DC and VP
deformations in phase 1 are not yet on a level, which can compensate the diminuation
of compaction creep. The above mentioned processes have not been implemented in
the constitutive laws used for calculations in the present study, so strains in humerical
calculations are too low during phase 1. However there is evidence, that the
VISCOPLASTICITY law affecting transient creep shows a higher stress dependence of
deformation, as there actually is in laboratory tests. With the parameter set established
in the present study, there is no transient creep deformation in calculations of phase 1
whatsoever, although it is present in the current laboratory tests and in tests on un-
damaged salt concrete at atmospheric pressure /CZA 15/ and on other impure rock
salts at 10 MPa confining pressure /ZHA 12/. So it seems unlikely, that compaction
creep is the only process leading to transient creep during phase 1, which implies, that
calculations executed with CODE_BRIGHT vyield too low viscoplastic deformations at
low stress levels. This phenomenon is also to see in /CZA 15/, Fig. 4.29 and therefore

not limited to the present study.
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5 Summary and outlook

This report presents the status of the work performed by GRS during 42 months as part
of the European project DOPAS to improve the way how geotechnical sealings are rep-
resented in integrated performance assessment models for radioactive waste reposito-

ries in salt.

The deformation behaviour of salt concrete was investigated by laboratory testing and
numerical modelling. In the laboratory different types of tests were carried out: Triaxial
compression tests, uniaxial and triaxial creep tests. The tests were simulated using
CODE_BRIGHT and the calculation results were compared to the laboratory results.
The simulation of the triaxial tests aimed at the investigation of material changes be-
tween the second and third stress level in the uniaxial tests. The results were useful
because the onset of dilatancy could be pinpointed. In all the simulations, the onset of
dilatancy occurred before the load limit was reached. The perceptions of the uniaxial
tests in combination with the results of the triaxial tests showed that the material behav-
iour of salt concrete at an axial stress up to 10 MPa is different from the material be-
haviour at 20 MPa. Strains and strain rates clearly increase at higher stresses. The
simulations showed that an adaptation to laboratory results was only possible if two dif-
ferent sets of parameters were used at the lower stress level (phase 1) and the higher
stress level (phase 2). The main problem of simulating the deformation behaviour of
salt concrete is the description of the viscoplastic (transient creep) material behaviour.
Elastic deformations and stationary creep can be adapted by the available material
properties. For a better description of transient material behaviour a constitutive model
should be adapted or developed. The constitutive model used here allowed only a
mathematical adaptation. Salt concrete consists of the cement matrix and the grains of
salt concrete. This structure and its changes could not really be considered yet. If the
structure of salt concrete could be considered in detail, the description of the defor-
mation behaviour at different stress levels would become easier and clearer. Further

investigations and developments in this direction are necessary.

GRS is investigating the sealing capacity of combined systems of salt concrete seal el-
ements and surrounding rock salt at the laboratory scale. Currently, the following re-
sults have been obtained. At dry conditions and a moderate confining stress up to 5
MPa, the reconsolidation is slow. A potentially existing highly permeable contact seam
between the seal element and the rock will not be closed, at least not in the short term.

With an intact seal element, a confining stress of 5 MPa is, however, sufficientto  pre-
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vent brine flow along the seal. In the presence of brine, contact seam and EDZ are
quickly closed, resulting in an overall permeability below 10%° m?. A pre-damaged seal
element (e.g. damaged by shrinkage fracturing during construction) will not be re-
consolidated at a confining stress of 5 MPa, even if brine is present. At a confining
stress of 10 MPa and a testing time of 6 months the contact seam and the EDZ are

closed with time, resulting in an overall permeability below 10™® m?,
The next steps in the experimental investigations will be:

¢ to dismantle the reconsolidated sample with the intact seal element and to use mi-
croscopic methods to investigate pathway reduction,

e to find out at which stress level reconsolidation of the pre-damaged seal element is
effective,

¢ to perform further experiments to investigate the variability of results and to derive
generally valid material behaviour.

For a numerical simulation of the seal/rock salt system, available physical models of
rock salt and salt concrete will be applied to the experiments described here and simu-
lation/improvement cycles will be performed to advance model validation and calibra-
tion. It is foreseen that these hydro-mechanical coupled calculations will be executed
and published in 2016 within the national projects LASA /CZA 12/and LASA-EDZ
/CZA 13/.
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