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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 seals systems”. The work is related to the re-
search and development on 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 barriers
(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 the 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 comparable to

the in situ minimum stress.

Main work and results achieved in the DOPAS tasks 3.2 and 5.1 during the first 24
months of the project will be presented in this status report as deliverables D3.28 and
D5.5. Chapter 2 gives an short overview on 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 in chapter 4. Preliminary conclusions and outlook on the further

work programme are summarized in chapter 5.



Remark:
The report at hand is an interim version issued after 24 months of the DOPAS project.

The report will be superseded by a final report to be issued in February 2016.



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® [Miil10]

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 [Sta94]. 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.



Bitumen-Chamber LASSE-Vordamm®  Breast wall Drywell
| Nl
3,40m
550m
L U
2,50 m 8,00 m 2,30 m 11,50 m

Fig. 2.1 Simplified illustration of the whole dam structure

Contact zone
Host Rock

Structure
of salt concrete
LAsse-Vordamm®

B4

@ 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

3.1.1 Experimental layout

Damage tests were carried out on 3 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 annular gap

between sample and jacket was sealed with silicon to avoid leakage. To reduce friction
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resistance between the sample and the load pistons, a thin sand layer of ~ 1 mm was
put between the porous disc and the end face, or thin silicon strips with 0.2 mm thick-

ness and ~ 5 mm width were laid between the piston and the end face.

The samples were loaded in two phases of isostatic pre-compaction and deviatoric
loading. The aim of the isostatic pre-compaction was to approach the intact state of the
samples with respect to permeability. But it has to be pointed out that no effective heal-
ing has to be expected during the pre-compaction phase. This was performed by simul-
taneously increasing axial and radial stress to 6, =6, =5 MPa at a loading rate of
1 MPa/min, then keeping stress constant for hours. Then the axial and radial stresses
were increased twice up to a level of 20 MPa and unloading to a low stress of
o, = or = 1 - 3 MPa. The subsequent deviatoric loading to damage of the samples was
carried out by increasing axial deformation g, at radial stress of ;=1 - 3 MPa. A low
strain rate of £, = 1-107 s™ was applied.

axial load
pressure

gas outflow gauge
—>

H,0

height

| porous sinter steel disc

burette

pressure
pump

thin silicon strips

gas injection

axial load

Fig. 3.2 Principle of triaxial compression tests with permeability measurement

During the tests, axial strain was measured by a LVDT-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 GDS-controller and indirectly
by strain gauges attached on the sample surface at the middle of the length. Permea-
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bility changes induced by the mechanical loading were measured along the sample ax-
is by injecting dry nitrogen gas to the bottom at constant pressure and recording the
outflow at the opposite side. The gas outflow was continuously recorded by using a bu-
rette. During steady state gas flow, the permeability is determined according to Darcy's

law for compressive media:

2.Q-u-L-p
k=2<F "= To (3.1)
A-(p; —pd)

where k is the intrinsic permeability (m?), Q is the flow rate of the gas (m®s), p is the
gas dynamic viscosity (Pa-s), L is the length of the sample (m), A is the section of the
sample (m?), p, is the atmospheric pressure (Pa), pg is the gas injection pressure (Pa).
This measuring system allows a precise determination of low permeability down to

~10% m?

3.1.2 Testing procedure

PRE-Compaction

Triaxial compressions tests (TC-Test) were performed in order to investigate the me-
chanical stability of salt concrete. Onset of dilatancy, start of gas flux and failure of the
specimens were determined under different radial stresses. The results of the TC-Tests
aim at a better understanding of the difference in deformation behaviour of salt con-

crete with respect to uniaxial creep testing.

The tests were performed on three specimens under stress control in the GRS labora-
tory. The specimens 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 specimens 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 compac-
tion phase is to reach the state of compaction that the specimens had before extraction

from the drift sealing element, see Fig. 3.3, Fig. 3.4 and Fig. 3.5.

13
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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
Deviatoric compression

Second step of the test was to deform the specimens under deviatoric stress. For that
purpose, three specimens were subjected to three confining stresses of 1, 2 and
3 MPa. The axial stress was increased until the failure load level of the sample was
reached. During the tests gas was injected in axial direction for permeability measure-
ment.

The results of the TC-Tests with a confining stress of 3 MPa are presented in Fig. 3.6.
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 MPa. The failure stress
is reached at an axial strain of 2 %. After failure, gas permeability measurements are
performed. Axial deformation is kept constant during the measurement. Hence, stress-
es show relaxation behaviour during the gas permeability measurements. Afterwards,
axial stress is increased further. The volumetric strain decreases in the beginning of the
test, due to the compaction of the specimen. Volumetric strain starts to increase when
axial strain reaches values of about 0.9 %. This point is defined as the onset of dilatan-
cy, which is marked by formation of microcracks leading to volume increase. At this

point, the deviatoric stress is about 36 MPa. By ongoing increase of deviatoric stress
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the microcracking and the specimen volume increases further. At a certain point of the

test the microcracks are connected and a gas flow could be detected.
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Fig. 3.6 Stress-strain behaviour of a salt concrete sample 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 deformed by devia-

toric loading at confining stress of 3 MPa
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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 three speci-
mens.

During the deviatoric stress phase (shown for salt concrete in Fig. 3.8), the results of
the tests are different due to different confining stresses. It is possible to identify the
onset of dilatancy by the evolution of volumetric strains (Fig. 3.9). In all three tests, the
onset of gas flux is measured at higher deviatoric stress levels than the onset of dila-
tancy (Fig. 3.10). The boundary for the failure of the specimen increases with higher
confining stress, analogue to the onset of dilatancy. The onset of gas flux and the fail-

ure of the specimens occurred nearly at the same deviatoric stress level.

Consequently, the test results show that the investigated salt concrete samples were
gas-tight until the load limit was reached. Generally, no damage is expected in the salt
concrete specimens below deviatoric stresses of 30 MPa.

50
- [—B4KK3P3 (1MPa)
45 || —B4KK4B6 (2MPa)
-| —B4KK3P1 (3MPa)
40 |
35 -

w
o
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W8] [ne]
o (4]

=y
)]
f—

10 +
5
-3.00 -2.00 -1.00 0.00 1.00 2.00 3.00 4.00
Radial strain [%1 Axial strain [%]
Fig. 3.8 Stress-strain curves obtained on the salt concrete samples at different

confining stresses
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3.2 Long-term deformation behaviour

3.21 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.

~N O, N O

1 nut
e 2 quide bars, three
o5 3 movable base plate

with three quides
and two platens

4 4 finear ball-bearing
AT S platen

6 displacement
transducers (LVDT),
three, separated
by 120°

(&)

1 7 specimen
[ 8 hydraulic cylinder
] for axial load

5 y 9 loading piston

10 load frame

Fig. 3.11 Rig for uniaxial creep tests on five samples one upon another
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3.2.2 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 each 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.

20
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3.2.3 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. 3.14 Long-term uniaxial creep behaviour of salt concrete sample no.1048 un-
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Fig. 3.19 Steady-state creep rates obtained on five salt concrete samples as a

function of applied uniaxial loads
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4 Modelling work

4.1 Physical Modelling

LINEAR ELASTICITY LAW (HOOKE)

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

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

dE
E=Eo+ (¢~ ¢o) 5= 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.
DISLOCATION CREEP

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 8G
E=—= Ecb(F) o (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)

=G= |q2+ (L”)z O(F) = F" (4.3)
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1

a, = (m)F (4.4)

d
bc

The following equations describe the relationship of viscosity, void ratio and the de-
pendence of deformation on temperature:

3= AN ghc(e) (4.5)
o= ANghc(e) (4.6)
ghc(e) =3(g — D"f 4.7)
g4c(e) = (J? ) 25+ (4.8)
A(T) = 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.
VISCOPLASTICITY

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

de 6_G
= A(D(F)) 5o (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 (4.12)
OF)=F"forF=>0;, ®(F)=0for F<O0
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b = az + a;(Wy)%25 — ag(Wy — Wy)?®
a=as+aW;+ a,{Wy; — Wy,)?
de = ngd

(4.12)

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.

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 Q | 54.000 J/mol -
Wy 3.5 - Work by plastic deformations

Limit the volume increase and in-
a - yes \ :

fluence the breaking point
a - yes Limit the volume increase
asz 2.5 -
a, 0.7 (0) * Stable calculation process by a,>0
as 0.02 -
as 0.02 (0) * Stable calculation process by a,>0
ay ady = dg -
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4.2 Numerical simulation

4.2.1 Simulation of the triaxial compression test

MODEL GEOMERTY
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 —_— D

280 mm Steel

Salt
concrete

140mm

—
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.
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BOUNDARY CONDITIONS

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 defor-
mation behavior of salt concrete and the dilatancy evolution. Following calculations
were only done for a radial stress of 3 MPa.

Steel

Salt
concrete

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

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-
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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

MESH GENERATION

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
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.

MATERIAL PROPERTIES

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 Referr:;\i;:; po-
E [MPa -
[MPa] v o L]
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.

31



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

Table 4.4: Material properties for DISLOCATION CREEP law
expsr:?ential Activation en- | o oo power
Creep class ergy
parameter n [-]
A [1/1*MPa"] Qha [RHfL
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: Parameter for VISCOPLASTICITY model for description of transient
creep and dilatancy of rock salt
Stress : . Activation
Viscosit
power A [M Pa-l*)é] energy as ['] Wiao [']
m [-] Q [J/mol]
8 5*10™ 54.000 0.02 3.5
a[] az[] as[-] as[-] as[-]
2.5 1.8 2.5 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
Specific heat Density Expa_ns_|on Reference
C. [3/(kg*K] 0. [kg/m7] coefflcolent tempecr’ature
> as[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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PARAMETER CALIBRATION

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
2 0.1-6.3 of 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
2 0.1-6.4 of 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
2 01-74 of 0.1 MPa per minute. Radial stress constant
of 3 MPa.

MODELLING RESULTS VERSUS EXPERIMENTAL DATA

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
DISI&(;(I;,E;ION [1/1Mmpar] | Q4 [3/mol] n[-|
A [MPa
m [ e | Qumoll | acld | Wald
VISCOPLASTICITY 8 5%107 54.000 0.02 3.5
a [1] az [ as [1] aq [] as []
varied 1.8 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 [-] do [-]
ELASTICITY 10.000 0.18 0.06
Ap
DISLOCATION waoan | Qald/mol] n [+
CREEP [1/1*MPa ] - -
A [MPa’
m [ e ? | Qmoll | acld | Wl
VISCOPLASTICITY 8 5+107° 54.000 0 3.5
ag [-] a [-] ag [-] 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).
450 1,00
r ——5|G(dev.) [MPa]
40,0 .
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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
DISIE:(;CEIQ'FI;ION (1/1*MPa"] Qa[J/mol] n[-|
0.26e° 54.000 5
A [MPa
m [ B | Qumoll | ald | Wil
VISCOPLASTICITY 8 5%107° 54.000 0.0 3.5
ag [-] az [-] ag [-] ay [-] 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”

Consideration of onset of dilatancy

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

Verification

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

Interim results

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.

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 [ B | Qumoll | all | Wil
VISCOPLASTICITY 8 5107 54.000 0 3.5
ag [-] az [] as [-] ay [] as [-]
2.05 0 2.5 0 0.02

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
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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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4.2.2 Simulation of the uniaxial creep test

MODEL GEOMERTY

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-

Symmetry axis —_— 3

ial symmetric 2-D model.

320mm Steel

Salt
concrete

160 mm

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

BOUNDARY CONDITIONS

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
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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 (o)) reached from 5 MPa to 20 MPa. An atmospheric pressure (Pam) Of

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

Steel

Salt
concrete Patm

y

| xé"

Fig. 4.11 Specimen for the UCc-Test: Depiction of conditions for numerical calcula-
tion using CODE_BRIGHT

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).
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MESH GENERATION

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
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.

MATERIAL PROPERTIES

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 Referr:;\i;:; po-
E [MPa v[-
[MPa] [ P
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
Pre- L
exponential AGIVEUEN) CiE Stress power
Creep class ergy
parameter Qa [J/mol] n [-]
Ax [1/1*MPa"] A
Salt concrete 5 2.08e”® 54.000 5
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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: Parameter for VISCOPLASTICITY model for description of transient
creep and dilatancy of salt concrete
Stress Viscosity Activation
power A [MPa*s] energy as[-] Wao [-]
m [-] Q [J/mol]
8 5*10” 54.000 0.02 3.5
a[-] az[-] az[-] as[-] as[-]
2.5 1.8 2.5 0.7 0.02

Additional to the parameters used for HOOKE, DC and VP, some parameters were

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

PARAMETER CALIBRATION

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 0 1 2 3 4 5 6

Pre-exponential
parameter

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
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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-
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.
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Table 4.16: Time steps of calculation at UCc-Test

Interval Time [Days] Simulation

1 0.00-0.01 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

MODELLING RESULTS VERSUS EXPERIMENTAL DATA

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
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[] ¢o [
ELASTICITY 10.000 0.18 0.06
Aa
DISEORCE:,E'FI;ION r1/1Mpar | Qaldmol] n[-|
varied 54.000 5
A [MPa
m [ B | Qumoll | all | Weld
VISCOPLASTICITY - - - - -
ay [] a [] as [-] ay [] as []

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). The calculation results clearly show the different axial stress levels.
Elastic deformations 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
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of stationary creep were very small in first stress level and very high for second and

third stress level.

1,0
Uniaxial Stress: -
09 . 91=5MPa (= 0- 106 days) Y
" 5,=10 MPa (= 107 - 174 days) o~
0 01~ 20MPa (= 175341 days) Rl
= |aboratory-Tests
0,7 —
Strain creep class 5
0,6

0,0 i 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. 4.12 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)

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. 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. Development 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 differ-
ent. 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 gra-
dient compared to the gradients of the UCc-Test at first sight. Consequently the curve

of creep class 2 (brown curve) was considered more exactly.

50



1,0

Uniaxial Stress:
0.9 _ ©1=5MPa (=~ 0- 106 days)

I a
o,=10 MPa (= 107 - 174 days) l / i
l —

PR
08 017 20 MPa (= 175 - 341 days) P
—| aboratory-Tests
0,7 —+ .
=Strain creep class 0 l
06 =—Strain creep class 1
X Strain creep class 3 l
-% 0,5 —strain creep class 4
S
b 04 | Strain creep class 5 J -
=—Strain creep class 6
0,3 —+ ===Strain creep class 2
0,2
0,1
0,0 1 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. 4.13 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

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
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.
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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).
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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.

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 [] o []
ELASTICITY 10.000 0.18 0.06
An
DISE:%EQEON (/1Mpar] | QalI/mol] n [-|
varied 54.000 5
A [MPa’
m [ Be? | Qumon | ald | Weld
VISCOPLASTICITY - - - - -
ay [-] az [-] as [-] as [-] 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-
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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.

0,2
Uniaxial Stress:

0,=5 MPa (= 0 - 106 days)
0,=10 MPa (= 107 - 174 days)
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—Pre-exponential parameter: 2,08e-6
Pre-exponential parameter: 8,32e-6
Pre-exponential parameter: 33,28e-6

—Pre-exponential parameter: 66,56e-6

T ——
- \.

i —Pre-exponential parameter: 40,00e-6

R
0,0 T T T
0 20 40 60 80 100
Time [Days]
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
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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

pre-exponential parameter of 0.2¥10° was chosen (Fig. 4.17), because the associated

curve approximate well to the gradient of laboratory results.

1,0
Uniaxial Stress:
09 1 0,=5 MPa (= 0 - 106 days) '___,,--"
' 0,=10 MPa (= 107 - 174 days) e
0,=20 MPa (= 175 - 341 days) ’,.-—" e
0,8 - - =
0,7
X 0,6
£
©
s 0,5
(7]
0,4 -
=—| aboratory-Tests
0,3 - —Pre-exponential parameter: 0,52e-6 _
Pre-exponential parameter: 0,26e-6
0,2 — Pre-exponential parameter: 0,13e-6 -
" —Pre-exponential parameter: 0,20e-6
0,1 T T T T T T T T
170 190 210 230 250 270 290 310 330
Time [Days]
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. 4.20 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.

Adaptation in phase 2

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.

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 [] ¢o [-]
ELASTICITY 10.000 0.18 0.06
DISLOCATION An Qa[J/mol] n [-]
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CREEP [1/1*MPa"]
A [MPa’
m [ Be? | Quimon | sl | Weld
VISCOPLASTICITY 8 5%107 54.000 0.0 3.5
ay [] a [] as [] a4 [] as [-]
2.05 0.0 2.5 0.0 0.02

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. Fig. 4.22 shows, that porosity slightly decrease in second stress level and
clearly increase in third stress level. Transient creep generated deformations in the
second stress level because the decreasing porosity indicates, that the specimen was
compacted. Deformations in third stress level were generated by dilatancy, because
the volume of the specimen increased. This supports the assumption of a different de-
formation 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.

30,0
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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 [] o [-]
ELASTICITY 10.000 0.18 0.06
Aa
DISLOCATION aioam | Qa[d/mol] n [
CREEP Lo 'Y'Pa] - -
A [MPa
m [ g ? | Qumoll | ald | Wald
VISCOPLASTICITY 8 5107 54.000 0.02 3.5
ag [-] a [-] as [-] a [-] as [-]
varied 1.8 2.5 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 [] o []
ELASTICITY 10.000 0.18 0.06
An
DISIE:(I%CEIQ'FI;ION [1/1*MPa"] Qa[J/mol] n [-|
varied 54.000 5
A [MPa’
m [ Be? | Quimol | ald | Wal]
VISCOPLASTICITY 8 5%10° 54.000 0.02 3.5
a1 [-] az [-] as [-] as [-] 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 la-
boratory 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 [] ¢o [-]
ELASTICITY 10.000 0.18 0.06
An
DISI(_:OR(éé;ION (1/1*MPa’] Qa[J/mol] n [
0.065e® 54.000 5
A [MPa’
m [ B | Qumoll | all | Weld
VISCOPLASTICITY 8 5%107° 54.000 0.02 3.5
ag [-] az [-] ag [-] ag [-] 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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Adaptation in phase 1

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
Aa
DISEORCE:,E'FI;ION (1/1"MPa’] Qa[J/mol] n[-|
0.2e® 54.000 5
A [MPa
m [ Be? | Qumol) | asld | Wald
VISCOPLASTICITY 8 varied 54.000 0.02 35
ay [] as [] as [-] as [] 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 [Wiel0]. 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
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stress level. Hence, transient creep and dilatancy deformation occur, when viscosity is

increased.
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Fig. 4.29 Exercise UCc 4a - Variation of viscosity (A)
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Fig. 4.30 Exercise UCc 4a - Development of porosity by varying viscosity (A)
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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
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
Aa
DISEORCE:,E'FI;ION (1/1"MPa’] Qa[J/mol] n[-|
0.2e® 54.000 5
A [MPa
m [ Be? | Qumol) | asld | Wald
VISCOPLASTICITY 8 5.0e* 54.000 0.02 35
ay [] as [] as [-] as [] as []
varied 1.8 2.5 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,
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could be described. Strains in second stress level were too high, additional the porosity

increased. So there are shear thickening deformations, too.

1,0
Uniaxial Stress:
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Fig. 4.31 Exercise UCc 4b - Variation of parameter al
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Fig. 4.32 Exercise UCc 4b - Development of porosity
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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.

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 [] do []
ELASTICITY 10.000 0.18 0.06
An
DISIE:ORCEZé;ION (1/1*MPa"] Qa[J/mol] n [-|
0.2e® 54.000 5
A [MPa
m [ B | Qumoll | all | Weld
VISCOPLASTICITY 8 5.0e™ 54.000 0.02 3.5
ag [-] az [-] az[-] ay [-] as [-]
1.5 varied 2.5 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.

1,0
Uniaxial Stress: / -

09  01=5MPa (= 0- 106 days) ol

" 5,=10 MPa (= 107 - 174 days) / e
08  01=20MPa (= 175 - 341 days) PR /
-

——Laboratory-Tests

0,7

| —A=50e4/al=150/a2=138
0,6 —A=50e-4/al=150/a2=25
A=5,0e-4/al=150/a2=3,0

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340
Time [Days]

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

Changed respectively varied parameters are marked red

Exercise UCc 5 - Active constitutive laws for salt concrete are colored.

Sy g e L (A bl
(Phase 1/2) 10.000 0.18 0.06
Aa
DISLOCATION n | Qal[d/mol] n [
1/1*MPa
CREEP (Phase 1) [ 0.2e® ] 54.000 5
Aa
DISLOCATION Qa[J/mol] n [+
1/1*MPa"
CREEP (Phase 2) | 0.065¢° ! 54.000 5
A [MPa
m [ B | QUmol | ald | Wl
VISCOPLASTICITY 5 s 54,000 0.02 35
Phase 1 : ' : :
( ) a [ a, [ a [ 2. [ as [
15 3.0 25 0.7 0.02
A [MPa
m [ B | Qmon | ald | Weld
VISCOPLASTICITY s 5 00" 52,000 0.02 35
Phase 2 . ' : :
( ) 2 [ 2, [ a; [ 2 [ as [
1.9 1.8 25 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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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. Generally strain rates
are in the right range for phase 1. In phase 2 strain rates are too small, because sta-

tionary creep and dilatancy were not considered yet. Fig. 4.37 shows the same circum-
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stances: Strain rates are in the right range for phase 1, but are clearly too small in

phase 2. Consequently strains are too small.
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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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5 Preliminary conclusions and outlook

This report presents the status of the work performed during the first 24 months by
GRS as part of the European project DOPAS to improve the way how geotechnical
sealings are represented in integrated performance assessment models for radioactive

waste repositories in salt.

The deformation behaviour of salt concrete was investigated by laboratory testing and
numerical modelling. In the laboratory, two types of tests were carried out: Triaxial
compression tests and uniaxial 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 the material changes
between 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 from the uniaxial
tests in combination with the results from the triaxial tests showed that the material be-
haviour of salt concrete at an axial stress up to 10 MPa is different to 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 levels (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, description of the deformation
behaviour at different stress levels would become easier and clearer. Further investiga-

tions and developments in this direction are necessary.

The report at hand is an interim version. The report will be superseded by a final report

to be issued in February 2016.
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