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The long-term safety of nuclear waste repositories in crystalline rock rely to a large extent on the 

performance of the engineered barrier system to be place in the deposition holes and tunnels. In the 

KBS-3V repository design [1,2], this system includes a copper canister containing the waste and a 

buffer surrounding it made of compacted bentonite. In addition, a bentonite backfill will be placed in 

to seal the deposition tunnels. The long-term performance depends on a number of physical and 

chemical processes, involving high temperatures, slow water saturation, bentonite swelling, cation 

exchange, and dissolution/precipitation of accessory minerals and potentially the montmorillonite 

itself. 

 

In this contribution, focus is made on the thermo-hydro-geochemical processes having an impact on 

the long-term evolution of the system. A recently developed numerical framework to couple 

multiphysics and geochemistry is presented in which the mechanical coupling could be readily 

implemented, provided the underlying phenomena governing the interplay between mechanical 

deformations and chemical reactions are sufficiently well characterized.  

 

An interface coupling two existing software, Comsol Multiphysics and the geochemical simulator 

Phreeqc, has been recently developed to study problems where multiphysics and geochemistry cannot 

be decoupled. iCP [3] uses a sequential non-iterative approach to couple the multiphysics step with 

the chemical step. In turn, the thermo-hydraulic step (or including the mechanical coupling) can be 

coupled in different ways, depending on the specificities of the problem. 

 

In this study, the evolution of the buffer and backfill materials during long-term storage are assessed 

from a THC perspective. In recent years, a considerable amount of effort in the field of bentonite and 

clay materials has been devoted to the assessment of these coupled processes (e.g. [4,5]). The problem 

considered involves heat generation due to radioactive decay, groundwater inflow through a fracture 

intersecting the deposition tunnel and the subsequent saturation of the initially unsaturated clay 

materials (buffer and backfill), solute transport, and geochemical reactions. A detailed description of 

the system under study can be found in [5]. The model encompasses heat transport, groundwater flow 

in unsaturated porous media, mass transport and chemical reactions (mineral dissolution/precipitation, 

cation exchange, and aqueous and surface complexation). Variable saturated flow is considered via 

Richards equation, in which as a first approximation gas pressure gradients and heat-induced drying 

are assumed to be negligible. A scheme of the coupling relations is presented in Figure 1. 

 

An advantage of Comsol is that it allows modelling the processes in specific subdomains and using 

different meshes while maintaining the coupling. In this study, the thermal analysis is performed on 

the buffer-backfill-bedrock system, while hydro-chemical processes are only solved for the buffer and 

backfill subdomains. This implies that the bedrock is impervious to fluid flow and chemically inert. 

The bedrock is only represented with the purpose of heat dissipation. Groundwater inflow only occurs 

through a fracture intersecting the backfill. The boundaries of the model are set at the top and at the 

bottom so that heat dissipation is correctly captured. To this end, the rock domain extends 70 m above 

and below the barriers. Profiting from the periodic structure of the repository, vertical symmetry 

planes are considered as boundaries. An additional vertical symmetry plane divides the buffer-backfill 

in two halves. 

 



The temperature field after 25 years of disposal along with the time evolution of points A and B are 

shown in Figure 2. These points are situated on the hot and cold sides of the bentonite buffer, 

respectively. A maximum temperature of 83 °C is reached after about 25 years at the hot side (and 66 

°C at the cold side after 30 years), and gradually decreases due to heat dissipation in the rock mass. 

These elevated temperatures and temperature gradients trigger a set of geochemical processes. After 

1,000 years, buffer temperature is below 20 °C, and the temperature gradient across the buffer 

thickness has almost vanished. The system is progressively saturated by the surrounding groundwater 

entering the backfill through the intersection with the fracture plane. The driving forces for saturation 

are the hydraulic gradient that develops and propagates from the fracture-backfill interface and the 

capillary pressure (suction) developed in the buffer-backfill. After 400 years, the buffer starts to 

progressively saturate. According to the results, the backfill is completely saturated after 600 years, 

while it takes around 4,000 years to saturate the entire buffer. 

 

Geochemical changes during long-term storage can be subdivided in two stages: a thermal unsaturated 

period and a saturated long-term period. During the thermal period, as a consequence of the 

temperature increase, anhydrite precipitates in the buffer. The hot side accumulates more anhydrite 

than the cold side (Figure 2). When temperature starts decreasing, anhydrite precipitation rate also 

decreases, until net dissolution occurs. When the water saturation front reaches the buffer, anhydrite 

dissolves much faster since this water is undersaturated with respect to anhydrite. After 22,000 years, 

anhydrite has dissolved completely in the whole buffer-backfill system. 

 

The evolution of amorphous silica is an indicator of potential cementation of the buffer, with 

consequences on the mechanical properties (loss of plastic behaviour and potential for microcrack 

development). In the simulation, SiO2(am) slightly redistributes in the buffer thickness due to the 

thermal gradient: SiO2(am) is preferentially dissolved around the whole canister-buffer interface (due 

to the temperature dependence of its solubility constant). The increase in aqueous silica concentration 

leads to a redistribution of silica and precipitation in the cold side of the buffer. However, the effect is 

small and does not have a significant impact. Another important geochemical indicator is the 

evolution of the cation exchanger composition, which is initially sodium rich. A significant increase 

in calcium in the exchanger may impact negatively the swelling ability of bentonite. The model 

indicates a gradual calcium enrichment of the exchanger in the buffer, although the process is very 

slow, and after 100,000 years the exchanger is still sodium-dominated. 

 

iCP couples two complementary simulation programs. The interface has been verified via a set of 

benchmark exercises and the long-term geochemical evolution of the near-field of a spent fuel 

repository has been simulated including both the thermal and the long-term saturated periods in a 

single model. Therefore, it is thought that iCP opens the way to future model developments that 

include the interplay between chemical reactions and mechanical behaviour of bentonite [6]. 
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Figure 1. Left: coupling scheme of the considered thermo-hydro-chemical processes. Right: geometric 

design of the repository: (a) distance between deposition tunnels and holes. (b) Dimensions of the 

canister, buffer, and backfill considered in the model. (c) Position of points A and B of observation. 

 

 

Figure 2. Top: temperature evolution at points A and B, decay heat power, and temperature 

distribution in the buffer and backfill after 25 years. Bottom: anhydrite (vol.%) evolution at points A 

and B in Figure 6c and distribution in the buffer and backfill after 3200 years.  


