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Crushed salt as backfill material in a repository for high-level nuclear waste is aimed to act as a long-term barrier. The sealing effect of crushed salt evolves with ongoing compaction and therefore reduction in porosity and permeability. For a reliable prognosis of the compaction behavior in the long-term, constitutive models are crucial that capture the experimentally observed processes and credibly extrapolate these processes outside the range they were calibrated in. Up to now there is still no constitutive model for crushed salt which is validated against all factors/processes influencing compaction and/or the whole porosity range (especially [image: image] < 5%). The constitutive model for crushed salt compaction available in CODE_BRIGHT has been used in the field of repository research for several years. It has been applied in recent research projects on crushed salt compaction, where shortcomings in the modelling of compaction behaviour in dependence on mean stress and deviatoric stress variations are identified. Based on this discovered potential for improvement an approach for the modification of the constitutive model is proposed within this paper. It addresses the assumption of an idealized geometry and network of grains which is introduced by mathematically constraint functions dependent on void ratio. The proposed approach aims to give more flexibility in the handling of geometry dependence. The paper comprises an introduction into the use of crushed salt in the context of nuclear waste repository. The description of the constitutive model for crushed salt available in CODE_BRIGHT is given, as well as, the proposal for improvement and its application. It is finished with a sensitivity study for the new approach followed by a summary and outlook.
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1 INTRODUCTION
Rock salt is considered as a potential host rock formation for the deep geological disposal of high-level nuclear waste (HLW) in several countries, like Germany (Bundesgesellschaft für Endlagerung, 2020), the Netherlands (Bartol and Vuorio, 2022), and the United States (Sandia National Laboratories, 2014). The safety concept is based on a multi-barrier system comprising rock salt as the geological barrier, sealing elements and backfill as geotechnical barriers, and the waste canisters as technical barriers. Upon terminating the operational phase of the repository, the sealing function is intended to be provided by the waste matrix, waste canisters and the geotechnical barriers (Figure 1). The rock salt and the backfill material are intended to provide the sealing function in the long-term (Bertrams et al., 2020).
[image: Figure 1]FIGURE 1 | Evolution of important barriers’ sealing effectiveness in the post closure phase of a repository. The color intensity represents the degree of sealing effectiveness (Bollingerfehr et al., 2018).
Backfilling of open cavities, drifts and shafts will be realized with crushed salt. Crushed salt is not only a long-term stable and easily available material (mined-off material) but most important it guarantees a maximum compatibility with the host rock. Creep of the rock salt causes convergence of the open cavities, and, in turn, the natural compaction of crushed salt backfill with time (Figure 2). It is expected that porosity and permeability of the crushed salt backfill will decrease during compaction down to barrier properties comparable to undisturbed rock salt (porosity [image: image] ≤ 1%).
[image: Figure 2]FIGURE 2 | Schematic repository for high-level nuclear waste in rock salt (modified after Friedenberg et al. (2023)).
In order to give a qualified prognosis of the long-term behavior of crushed salt as a barrier, numerical simulations are needed. The constitutive models for crushed salt need to capture the observed phenomena and credibly extrapolate the compaction process outside the range they were calibrated in. The most important metrics to predict for crushed salt in the context of a nuclear waste repository are the evolutions of porosity and permeability with time, since they are determining possible pathways for radionuclide release. The sealing effect of crushed salt against radionuclide migration evolves with decreasing porosity/permeability. Therefore, the point in time when barrier properties are reached is the most important information for long-term safety considerations. Thus, the numerical prediction of the sealing function evolution of crushed salt is crucial for the proof of the long-term safety of a repository in rock salt.
The evolution of porosity and permeability is determined by the compaction process. Crushed salt compaction is influenced by internal material properties (e.g., mineralogy, grain size distribution, initial water content), environmental conditions (e.g., temperature) and stress state (e.g., convergence rate) (Hansen et al., 2014; Kröhn et al., 2017). Therefore, several thermal-hydraulic-mechanical (THM) coupled processes must be considered when investigating the compaction behavior of crushed salt.
In the current state, uncertainties with respect to database and process understanding still remain, especially for the calibration of constitutive models and the numerical simulation of crushed salt with respect to the prognosis of its long-term behavior.
With respect to the current requirements on the long-term safety of a high-level waste repository, the understanding of the process of crushed salt compaction has some important gaps. There is no code/constitutive model available which is validated against (1) the whole porosity range for crushed salt compaction, especially for the low porosity range ([image: image] < 5%), and (2) all factors and processes influencing the compaction. The measurement of porosities and permeabilities lower than [image: image] = 5% is still challenging and suitable techniques are currently under development. Additionally, the numerical modelling capability needs to be extended and validated, since only a few models consider the influence of moisture on the compaction. Only a few constitutive models consider the influence of moisture on the creep compaction and few experimental studies on the influence of deviatoric stress on crushed salt are available, thus, it lacks on calibration and validation. Various microstructural processes interact during crushed salt compaction, which are hard to separate, but nevertheless considered in constitutive model formulations. There is the need for a better understanding and investigation of these microstructural processes building the basis for constitutive models (Friedenberg et al., 2024; Wieczorek et al., 2017).
This paper presents an approach aiming at the improvement of the numerical simulation of crushed salt compaction using CODE_BRIGHT. Recent results on a model verification for the long-term compaction behavior of crushed salt will be presented. The work is performed based on experimental data generated in the international KOMPASS projects dealing with the compaction of crushed salt for safe containment (Czaikowski et al., 2020; Friedenberg et al., 2024).
2 NUMERICAL APPROACH
The numerical simulations are performed using the finite element (FEM) code CODE_BRIGHT with the implemented mechanical constitutive model for crushed salt. The mechanical model has been used in the field of repository research for several years and is extensively tested for its performance and validated against experimental data as shown in Olivella et al. (1993), Olivella (1994), Bechthold et al. (1999), Olivella and Gens (2002) and Bechthold et al. (2004).
The model formulation is kept in terms of strain rates and composed of an additive approach (Olivella and Gens, 2002). Several deformation mechanisms account for Equation 1: linear elasticity (EL), grain rearrangement (GR), fluid assisted diffusional transfer (FADT) and dislocation creep (DC). With the combination of these four mechanisms, the relevant deformations for repository conditions are captured (Bechthold et al., 2004).
[image: image]
The general stress definitions are presented in the Equations 2–6. Compression is counted positive and tension is counted negative. Attention should be paid to individual definitions of deviatoric stress in the DC and the GR models.
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where [image: image] is effective stress, [image: image] is total stress, [image: image] and [image: image] are gas and liquid pressure, respectively, [image: image] is total mean stress, [image: image] is effective mean stress, [image: image] is deviatoric stress, [image: image] is axial stress and [image: image] is radial stress.
The mechanical creep models (FADT and DC) are based on microstructural observations on granular salt materials and therefore cover an idealized geometry forming a regular arrangement of polyhedrons (Olivella and Gens, 2002). Characteristic sizes are specified, and relations derived as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Idealized geometry and characteristic sizes as a basis for the constitutive creep models for crushed salt in CODE_BRIGHT (modified after Olivella and Gens (2002)).
2.1 Linear elasticity
The linear elastic behavior of crushed salt is meant to play a minor role in the compaction process. However, its formulation is essential for the computational framework. The increase in stiffness with ongoing compaction is described by a generalized Hook’s law (Equation 7). Young’s modulus and Poisson’s ratio are applied as elastic constants. The isotropic linear elastic model is formulated in combination with a porosity dependent evolution of Young’s modulus (Olivella et al., 2023). By applying Equation 8, the Young’s modulus is increasing by decreasing porosity, simulating the material’s stiffness increase with ongoing compaction. The change of Young’s modulus with the change of porosity ([image: image]) is considered to be a constant parameter. In the case of decreasing Young’s modulus with increasing porosity, the minimum value for Young’s modulus limits its decrease.
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where [image: image] is the elastic compliance matrix, [image: image] is the Young’s modulus, [image: image] is the reference value for Young’s modulus evolution, [image: image] is the current porosity, [image: image] is the reference porosity, [image: image] is the variation of Young’s Modulus with porosity and [image: image] is the minimum value for Young’s modulus.
2.2 Fluid assisted diffusional transfer (FADT)
The fluid assisted diffusional transfer mechanism describes the humidity creep of crushed salt, depending on the influence of moisture and dominating in areas of low stresses and low temperatures. Dissolution of salt will take place in areas of high stress concentration; the salt will then migrates through the liquid phase and precipitates in areas of lower stress. The FADT model is based on extensive studies by Schutjens (1991), Spiers et al. (1986), Spiers et al. (1989) and Spiers and Brzesowsky (1993).
The model formulation is derived on basis of the idealized geometry (Figure 3) and the assumptions of dissolution of salt in grain contacts, diffusive flux of salt through the liquid phase driven by a chemical potential gradient and precipitation of salt in pore space. The detailed derivation of the strain rate formulation in Equation 9 is to be found in Olivella and Gens (2002). The strain rate is decomposed in a volumetric and a deviatoric part, labeled by v and d, respectively. Equation 10 and Equation 11 are called the volumetric and deviatoric viscosities, respecitvely. They compile the dependencies on temperature [image: image], solid volume [image: image], the material parameter [image: image] (Equation 12) and liquid saturation [image: image]. The auxilliary functions [image: image] (Equation 13) and [image: image], (Equation 14) as well as the functions [image: image] and [image: image] are geometry dependent. The functions [image: image] and [image: image] are derived directly from the idealized geometry in Figure 3, where [image: image] is the relative stress concentration and [image: image] express the relative pore size (Olivella, 1994).
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where [image: image] is the identity matrix, [image: image] is liquid saturation, [image: image] is characteristic grain size, [image: image] is temperature, [image: image] is a pre-exponential parameter, [image: image] is the activation energy, [image: image] is the gas constant and [image: image] the void ratio.
2.3 Dislocation creep (DC)
The dislocation creep mechanism captures deformations like dislocation glide and climb. It refers to the intracrystalline mechanisms (Olivella, 1994). These mechanisms can be described by power law terms and therefore are grouped here. The model is based on the rock salt power law and combined with a geometrical derivation of a volumetric strain rate and a deviatoric strain rate formulation. It is generalized by the use of a viscoplastic approach including a flow rule and a viscosity parameter. [image: image] and [image: image] in Equation 18 are formulated as functions of stress invariants. The viscosities in Equations 21, 22 compile geometrical and material properties. The fuctions [image: image] and [image: image] are the same as defined in Equations 15, 16 (Olivella and Gens, 2002).
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where [image: image] is the stress function, [image: image] is the flow rule, [image: image] is a scalar function, [image: image] is the scaling exponent of the rock salt power law, [image: image] and [image: image] are non-linear functions of void ratio, [image: image] is a pre-exponential parameter and [image: image] is the activation energy. The deviatoric stress [image: image] is defined as:
[image: image]
with [image: image] the second invariant of the deviatoric part of the stress tensor.
2.4 Grain rearrangement
The term for grain rearrangement was added for simulating the irreversible processes of grain displacement during compaction taking place mainly at high porosities and under fast loads. This part is added to describe the behaviour of crushed salt as loose aggregate. In its loose state crushed salt is assumed to behave sand-like. Such material behaviour is described by a critical state approach which is based on a yield surface. Due to expansion of the yield surface, bond creation and densification of the crushed salt material is modelled. An important feature is that the hardening of the crushed salt is mainly driven by creep deformations (Equations 27–33) (Olivella and Gens, 2002). The basic equations are the following (Equations 27–33) (Olivella et al., 2023):
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where [image: image] is the stress function, [image: image] is the viscoplastic yield function, [image: image] are Macauley brackets, [image: image] is the flow potential, [image: image] is the fluidity, [image: image] is the stress exponent, [image: image] is the slope of the critical state line, [image: image] is a hardening parameter, [image: image] is the initial value of the fluidity, [image: image] is the activation energy, [image: image] is the volumetric strain, [image: image] is a parameter in the hardening law, and the invariant [image: image] is described in terms of octahedral stress:
[image: image]
3 IMPROVEMENT APPROACH
3.1 Problem formulation
For developing a crushed salt constitutive model, it is a common approach to derive an idealized geometry and deformation mechanisms from microstructural observations (Olivella, 1994). This approach lacks some generality since grains deform in a non-regular way during the compaction and a constantly regular arrangement cannot be expected. Deformation mechanisms like dislocation creep (grain breakage, plastic deformations) and humidity creep (dissolution and precipitation) dominate under different conditions and act not uniform on a grain (Hansen et al., 2014).
The creep models in CODE_BRIGHT for FADT and DC are based on a geometry dependent formulation, expressed in terms of void ratio (Olivella, 1994). The functions [image: image] and [image: image] (Equations 15, 16) are related to the characteristic sizes derived from the idealized geometry (Figure 3) and yield the auxiliary functions [image: image] and [image: image]. These functions can be plotted for their dependence on void ratio as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Auxiliary functions for DC and FADT mechanisms. v = volumetric, d = deviatoric. Modified after Olivella and Gens (2002).
Within the KOMPASS projects, benchmark calculations of long-term triaxial compaction tests on crushed salt were performed using the model implemented in CODE_BRIGHT and presented above. The reproduction of compaction was not satisfactory for both volumetric and deviatoric deformation, as well as their deformation rates (Friedenberg et al., 2023; Friedenberg and Olivella, 2024). Especially, for the creep contribution, which is the most important process in the long-term for porosity and permeability reduction, the accordance between numerical results and experimental data is weak. The example is shown in Section 4.1. Based on this work an idea for the modification of the crushed salt model in CODE_BRIGHT is developed aiming to improve the numerical simulation of crushed salt compaction.
3.2 Modification
The modification approach addresses the prescription of an idealized geometry for the creep models. To give some flexibility in the handling of the geometrical basis, it is proposed to formulate [image: image] and [image: image] in terms of phenomenological functions. The combination of a microstructural basis with phenomenological functions allows the inclusion of both microstructural observations and experimental experiences from triaxial compaction tests.
Since the long-term compaction tests considered in the recent work of the KOMPASS projects were executed on dry crushed salt, the FADT mechanism is assumed to have no or at least a minor effect on the compaction behavior. Therefore, this modification approach focuses on the dislocation creep mechanism.
From the shape of [image: image] and [image: image] as implemented in CODE_BRIGHT, an exponential formulation was found to build the basis for the phenomenological functions:
[image: image]
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where [image: image] is the void ratio and [image: image] and [image: image] are parameters.
The parameters [image: image] and [image: image] do not have a specific physical meaning and cannot be measured during experiments. However, experimental data from standard triaxial compaction tests can be used to calibrate the proposed phenomenological functions and determine the parameters [image: image] and [image: image]. Therefore, measured volumetric and deviatoric strain rates must be considered, respectively. An example for the calibration process is shown in the following section.
4 APPLICATION
The modification of [image: image] and [image: image] in the dislocation creep model was applied in a simulation of a triaxial long-term compaction test and compared to an initial simulation without this modification.
The triaxial compaction test considered here is the TUC-V2 that was executed in framework of the KOMPASS projects and comprises various level of mean stress, deviatoric load cycles and temperature changes (Friedenberg et al., 2024). The tested salt is the lately defined KOMPASS reference material (Czaikowski et al., 2020) representing a bedded Zechstein formation in the middle of Germany. The crushed salt sample had an initial water content of 0.5 w.-% and an initial porosity of 0.167. Figure 5A presents the load history lasting about 750 days and Figure 5B shows the axisymmetric numerical model.
[image: Figure 5]FIGURE 5 | Triaxial long-term compaction test TUC-V2. (A) Loading history. (B) Numerical model and grid (Friedenberg and Olivella, 2024).
In a first step, the available constitutive model is applied, and the parameters are calibrated against the experimental data. The second step includes the modification of the constitutive model and again the simulation of the long-term compaction test. The results of both simulations are compared and discussed.
4.1 Initial simulation
Initially, the available model was calibrated against the experimental data. The simulation was executed in a THM-coupled approach following the stress history given in Figure 5. Thermal processes are based on Fourier’s law, for the hydraulics one phase flow with a constant gas pressure of [image: image] = 0.1 MPa is assumed and the mechanics are based on the crushed salt model described before. Based on an existing parameter set, the calibration process was performed in combination with a parameter sensitivity to identify the most suitable parameter combination for the simulation of the TUC-V2 test. Detailed information on the sensitivity and calibration procedure can be found in Czaikowski et al. (2020) and Friedenberg et al. (2024). Table 1 gives an overview of the parameters elaborated during calibration. The majority of the parameters are physically based and can be derived from the material itself. Crushed salt is studied for several decades. The significant parameters in the calibration process are part of the dislocation creep (parameter [image: image]) and the grain rearrangement (parameters [image: image]) models. Due to the lately definition of the KOMPASS reference material and the consequent limited experimental database, the derivation of material specific model parameters is still in progress. Therefore, the calibration process was applied with the aim to keep the parameters in a realistic and meaningful range. This means for parameters with physical meaning to vary them within observed ranges for crushed salt material (e.g., the pre-exponential parameter [image: image] describes the creep ability, therefore values for different salt formations are available) and for the other parameters to vary them with respect to the conceptual idea and their dependences. The parameter dependences of various combinations are investigated by performing the sensitivity analysis.
TABLE 1 | Parameters for the simulation of triaxial compaction test TUC-V2 (Friedenberg et al., 2024).
[image: Table 1]The comparison in Figure 6 shows clear differences between the experimental data and the numerical results. The volumetric compaction is strongly underestimated by the simulation, especially the compaction under the constant mean stress of 20 MPa. The final values for volumetric compaction differ by 3.5%. In contrast, the deviatoric strain is overestimated. The model response to the increase and decrease of deviatoric stress is higher compared to the experimental data. However, the final values for deviatoric strain just differ by 1%.
[image: Figure 6]FIGURE 6 | Comparison of measurements for TUC-V2 versus the initial simulation results. (A) volumetric strain. (B) deviatoric strain.
An improvement due to a broader calibration with reasonable parameter ranges could not be achieved, thus the modification approach was developed.
4.2 Modified simulation
The modified approach was developed in the way that Equations 34, 35 can be calibrated against experimental data by using the experimental strain rate data transformed to be comparable with the function values of the [image: image] and [image: image] functions. As a first attempt the volumetric equation [image: image] was calibrated. Considering the experimental data in Figure 7A the trend can be approximated by the choice of parameters [image: image] and [image: image]. For the deviatoric function [image: image] calibration was not performed in this first step and default values are taken (Figure 7B). The corresponding values for the parameters [image: image] and [image: image] are shown in Table 2.
[image: Figure 7]FIGURE 7 | Modified and original functions and experimental data for the geometrical dependencies. (A) Volumetric function [image: image], modified function calibrated against experimental data. (B) Deviatoric function [image: image], default modified function.
TABLE 2 | Values for the parameters [image: image] and [image: image].
[image: Table 2]A new simulation with the modified functions and parameters as shown in Table 2 was performed. Due to the calibration of the modified function [image: image] against the experimental data an overall improvement of the numerical results is achieved (Figure 8). The evolution of volumetric strain is reproduced satisfactorily. Now the compaction due to the high mean stress of 20 MPa is captured and the whole volumetric compaction evolution is simulated well. The reproduction of the deviatoric strain evolution shows also improvements. The final value for deviatoric strain is met well. However, the response in deviatoric strain to deviatoric load changes is still overestimated by the model.
[image: Figure 8]FIGURE 8 | Comparison of experimental data for the TUC-V2 test versus numerical results for the initial simulation and the simulation with the modified functions. (A) Volumetric strain. (B) Deviatoric strain.
A further quantification can be realized by considering the strain rates. Figure 9A show the volumetric strain rates for both simulations, the initial and the modified, compared to the experimental data. The modified simulation shows an improved accordance for the volumetric strain rates during the rapid load changes in the beginning of the test. Up to 300 days the numerical strain rates hardly differ from each other. Figure 9B show the deviatoric strain rates. Only slight differences in the numerical results can be observed for the first 300 days, along with a higher accordance of the modified rates with the data. In both simulations, the strain rates are strongly overestimated at the start of the test. From 300 days on no significant difference between the trend of the numerical results is identifiable.
[image: Figure 9]FIGURE 9 | Comparison of experimental data for the TUC-V2 test versus numerical results for the initial simulation and the modifed simulation. (A) Volumetric strain rate, (B) Deviatoric strain rate.
4.3 Discussion
In general, the results show an improvement for the simulation of crushed salt compaction by using the modified functions [image: image] and [image: image]. Already with the calibration of the volumetric part, the volumetric compaction is simulated in an adequate manner and the deviatoric strain is reasonably reproduced in its magnitude.
The calibration for the deviatoric part provides some open questions. The experimental data for deviatoric strain shows a large scattering over the function values, leading to difficulties in the calibration process (Figure 7B). The data trend is not straight forward as it is for the volumetric strain. Reasons might be traced back to the execution of the test with short durations of deviatoric stress (10 days) and therefore a wide range of strain rates due to the rapid load changes.
5 SENSITIVITY
For the new approach sensitivity studies are performed. First, a one-factor-at-a-time sensitivity is presented to show the influence of the newly implemented parameters c and d on deviatoric strain. Then the Morris method is applied to investigate the influence of the individual parameters a, b, c and d on volumetric and deviatoric strain. In the last step, a coupled parameter sensitivity is shown for the influence of the main parameters on volumetric strain and deviatoric strain, respectively.
5.1 One-factor-at-a-time sensitivity for the deviatoric part
Figure 10 presents simple one-factor-at-a-time variations of [image: image] and [image: image]. By choosing [image: image] = 200 (Figure 10A) a good calibration of the modified [image: image] function on experimental data is achieved. However, the corresponding model response in Figure 10C shows a rapid increase in deviatoric strain and a complete overestimation. Setting [image: image] = 1.5 the function [image: image] is calibrated against the lower bound of the experimental data (Figure 10B). Here, the model response also shows an overestimation of the deviatoric strain. All in all, the default values ([image: image] = 50, [image: image] = 2) yield the best reproduction of the deviatoric strain in comparison to the measurements (Figure 10D).
[image: Figure 10]FIGURE 10 | One-factor-at-a-time variations of the parameters [image: image] and [image: image]. (A) Calibration for parameter [image: image] against experimental data. (B) Calibration of parameter [image: image] against experimental data. (C) Measurements vs. simulations with two values for [image: image]. (D) Measurements vs. simulations with two values for [image: image].
In general, the model response to changes in deviatoric stress is strongly overestimated (Figures 10C, D). In former research work, deviatoric stress and strain represented a minor part. They predominantly focused on mean stress and isotropic compaction conditions (Kröhn et al., 2017). However, in recent crushed salt projects, the need for the investigation of deviatoric stress influence on the compaction was highlighted (Friedenberg et al., 2024).
The presented simulation results indicate an overall need to focus on the simulation of deviatoric stresses with the constitutive model available in CODE_BRIGHT. The consistent strain overestimation in response to the deviatoric load changes might be a general issue but is not part of this modification approach.
5.2 Morris method
The Morris method (Morris, 1991) was used to determine which of the input parameters may have the largest effect within the simulation of the triaxial compaction test TUC-V2. The idea was to use a factor’s screening method to determine the weighted effect of changes in the parameter values. Therefore, the Morris method is based on a “one-factor-at-a-time” approach yielding the global sensitivity by performing a series of local changes at different points in a predefined parametric state-space (Saltelli et al., 2004).
The analysis was carried out by using the Julia programming language (Bezanson et al., 2017). Julia’s in-built capabilities for distributed computing were used to conduct the Morris sensitivity analysis with a simple Monte-Carlo sampling strategy on various workers in parallel. The sampling was performed within the deterministic predefined parametric state-space ([image: image] in [100, 1,500], [image: image] in [3, 5], [image: image] in [50, 200] and [image: image] in [2, 5]) and the Morris means are calculated for each parameter. To derive the weighted effect of each parameter, the respective Morris means are divided by the sum of the means.
As indicators for the performance evaluation, the volumetric strain ([image: image]) and deviatoric strain ([image: image]) are chosen (Figure 11). The results of these analyses show a high influence of the exponent [image: image] on the volumetric strain followed by the pre-exponent parameter [image: image]. For the deviatoric strain, the evolution depends strongly on the exponent [image: image] and on the pre-exponential parameter [image: image]. There is a small influence of the two deviatoric parameter [image: image] and [image: image] on the volumetric strain and the two volumetric parameters on the deviatoric strain resulting from the formulation of the dislocation creep law (Equations 17–26).
[image: Figure 11]FIGURE 11 | Morris sensitivity for the parameters of the modified approach. (A) Sensitivity for the volumetric strain. (B) Sensitivity for the deviatoric strain.
5.3 Coupled parameter sensitivity
In this analysis, the influence of the main parameters on the respective output quantity is investigated. As shown in the previous section with the Morris method, the volumetric strain output is primarily influenced by the parameters [image: image] and [image: image] (Equation 34) and the deviatoric strain output is primarily influenced by the parameters [image: image] and [image: image] (Equation 35).
The analysis was conducted by using an adaptive sparse-grid collocation method (see, e.g., Gates and Bittens (2015)) implemented by the open-source project DistributedSparseGrids.jl (Bittens and Gates, 2023) in the Julia programming language. Hereby, a hierarchical Lagrangian basis enables the adaptive refinement of the parametric model in areas with high effect on the output quantity.
The influence on the volumetric strain for [image: image] in [100, 1,500] and [image: image] in [2, 5] is shown in Figure 12A. Increasing the exponent [image: image] leads to a decrease in the volumetric strain (less compaction), thus the material response is stiffer. The pre-exponential parameter a has a small effect on the volumetric strain output, however, with increasing value of an increase in volumetric strain is observed.
[image: Figure 12]FIGURE 12 | Coupled parameter sensitivity. (A) Sensitivity of parameters [image: image] and [image: image] on the volumetric strain. (B) Sensitivity of the parameters [image: image] and [image: image] on the deviatoric strain. The dots show the sampling.
The response of deviatoric strain for [image: image] in [50, 200] and [image: image] in [2, 3] is shown in Figure 12B. The plot shows nearly no change in deviatoric strain over a wide range of parameters. Only a small number of parameter combinations in the left corner of the plot leads to a sensitive response of the deviatoric strain. The boundaries for this sensitive area can be defined by [image: image] > 100 and [image: image] < 2.5.
Table 3 presents absolute values for volumetric and deviatoric strains for the interval boundary parameter combinations.
TABLE 3 | Output values for different parameter combinations.
[image: Table 3]6 CONCLUSION AND OUTLOOK
This paper presents an approach for the modification of the dislocation creep law in CODE_BRIGHT with the aim of improving the numerical reproduction of crushed salt compaction processes. The approach addresses the stiff geometrical basis of the constitutive model and aims at a more flexible formulation. The two non-linear functions [image: image] and [image: image] which are derived from the idealized geometry assumption are re-formulated to be calibrated against experimental data available from triaxial long-term compaction tests.
Up to date there is no complete consensus on formulating constitutive models. The newly proposed combination of a microstructural basis with phenomenological functions shows an improvement in the numerical simulation of crushed salt compaction by simulating the triaxial long-term compaction test TUC-V2. The volumetric compaction was reproduced adequately both in the absolute values as well as in the volumetric strain rates. An enhancement in results was also achieved for the deviatoric strain and deviatoric strain rates.
Sensitivity approaches are presented to verify the new implementation. By applying the Morris method for parameter screening the sensitivities of the volumetric and deviatoric strain output to the parameters are shown. The result confirms the original idea of the modification approach and confirms the correct implementation of the parameters. Due to the coupled parameter sensitivity the evolution of the respective strain output within a defined parameter space is shown. This analysis gives an idea about the ideal parameter combination.
However, some open questions still occur. The calibration of the modified deviatoric function [image: image] against the experimental data does not lead to an improvement in the numerical results, other than the calibration for the volumetric function. In this course, a general question occurred regarding the simulation of deviatoric strains. The response to deviatoric load changes is permanently overestimated. It has to be mentioned that deviatoric strains in crushed salt are rarely investigated and not much experimental data is available. Future research will focus on the handling of deviatoric stresses in laboratory and on the implementation of deviatoric strains in the constitutive model. In ongoing research, the presented approach will be continuously analyzed for its advantages and shortcomings, calibrated to a greater extent of experimental data and compared to other constitutive models for crushed salt.
All in all, the presented approach builds a basis for improving the numerical simulation of crushed salt compaction processes. These improvements will help to reduce uncertainties and will strengthen the prognosis quality for the long-term safety analysis of a repository in rock salt by predicting the barrier properties of the crushed salt.
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NOMENCLATURE
[image: image] parameter in the modification of [image: image] [-]
[image: image] pre-exponential parameter in DC [s-1MPa-n]
[image: image] pre-exponential parameter in FADT [m³/(s*MPa)]
[image: image] exponent in the modification of [image: image] [-]
[image: image] parameter in the modification of [image: image] [-]
[image: image] elastic compliance matrix [1/MPa]
[image: image] exponent in the modification of [image: image] [-]
[image: image] characteristic grain size [mm]
[image: image] solid volume [mm³]
[image: image] void ratio [-]
[image: image] Young’s modulus [MPa]
[image: image] functions of void ratio [-]
[image: image] stress function in the DC model
[image: image] viscoplastic yield function in the GR model
[image: image] flow rule in the DC model
[image: image] flow rule in the GR model
[image: image] identity matrix [-]
[image: image] second invariant of the deviatoric stress tensor [MPa]
[image: image] stress exponent in GR [-]
[image: image] stress power in DC [-]
[image: image] mean stress (total and effective) [MPa]
[image: image] hardening parameter in GR [MPa]
[image: image] fluid pressure, liquid pressure, gas pressure [MPa]
[image: image] deviatoric stress [MPa]
[image: image] deviatoric stress in DC [MPa]
[image: image] deviatoric stress in GR [MPa]
[image: image] activation energy in DC [J/mol]
[image: image] activation energy in FADT [J/mol]
[image: image] activation energy in GR [J/mol]
[image: image] ideal gas constant [J/(mol*K)]
[image: image] void size [mm]
[image: image] liquid saturation [-]
[image: image] temperature [K]
[image: image] contact size [mm]
[image: image] fluidity [s-1MPa-m]
[image: image] slope of the critical state line in GR [-]
[image: image] deviatoric strain [-]
[image: image] volumetric strain [-]
[image: image] strain rate [1/s]
[image: image] strain rate for contribution of EL [1/s]
[image: image] strain rate for contribution of FADT [1/s]
[image: image] strain rate for contribution of DC [1/s]
[image: image] strain rate for contribution of GR [1/s]
[image: image] porosity [-]
[image: image] fiction angle [°]
[image: image] scalar function for DC
[image: image] stress function of GR
[image: image] stress (total and effective) [MPa]
[image: image] axial stress [MPa]
[image: image] radial stress [MPa]
[image: image] shear stress [MPa]
[image: image] hardening parameter in GR [-]
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