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T-H-M coupled model for porous medium

The T-H-M (Thermal-Hydraulic-Mechanical) coupled behavior is important
for the safety assessment of high level waste disposal site, geothermal
reservoir management, carbon sequestration or petroleum engineering.
Numerical analysis is required to simulate both coupled T-H-M processes and
the uncertainty of the material properties (Watanabe et al,. 2009).
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Thermal-Hydraulic-Mechanical (THM)

• 𝛻 ∙ σ′ − αpI + 𝜌𝑒𝑓𝑓𝑔 = 0 (Mechanical)

•
1

𝑀

𝑑𝑝

𝑑𝑡
+ 𝛻 ∙ 𝑞𝑓 + 𝛻 ∙ 𝛼

𝑑𝑢

𝑑𝑡
= 𝑄𝑓 (Hydraulic)

• (𝐶𝑝𝜌)𝑒𝑓𝑓
𝑑𝑇

𝑑𝑡
+ 𝛻 ∙ 𝑞𝑇 = 𝑄𝑇 (Thermal)
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Monte-Carlo simulation is one common method to quantify parameter uncertainty
and corresponding system evolution. Using geostatistical techniques, e.g. sequential
Gaussian simulation and indicator simulation, enables the generation of multiple
stochastically equivalent realizations which take into account the status of incomplete
knowledge
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Uncertainty (Monte Carlo Simulation)
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Dependent parameters

𝐾 = (
𝑘𝑝
0𝑒(

5
𝑛𝜀)𝜇

𝜌𝑔
)

Hydraulic conductivity

𝜇 = 1.3799566804 − 0.021224019151 × T + 1.3604562827 × 10−4 × T2 − 4.6454090319 × 10−7 × T3

+8.9042735735 × 10−10 × T4 − 9.0790692686 × 10−13 × T5 + 3.8457331488 × 10−16 × T6

Viscosity

Young modulus

𝐸 = (−5.56 × 107 × 𝑇 + 3.86 × 1010 × 1010)

Porosity

𝑛 = 𝑛0 + 𝛼∆𝜀𝑣 + 𝑐𝑠(𝛼 − 𝑛0)∆𝑝

Heat conductivity for solid, Heat capacity for solid, and most of the fluid properties 

Biot’s effective coefficient

𝛼 = 1 −
𝐶𝑠
𝐶𝑏

𝐶𝑝 = 0.586𝑇 + 818

𝑘𝑇 = 2.63 − 2.8 × 10−3𝑇 + 1.43 × 10−6𝑇2
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HLW final disposal

1. Isolate the HLW form the biosphere
2. The waste will be disposed of in stable host rock formation more than 300 meters underground
3. EBS(Engineered-Barrier-System)
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(JNC, 2000b)
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EBS(Engineered-Barrier-System)

This system offer the multiple protect to prevent 
nuclide transport, it include:

1.Vitrified waste
2.Overpack
3.Buffer material
4.Back fill
5.Plug
6.Host rock

9

(JNC, 2000b)
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Objective:
Understand the cross-interactive behavior of the THM coupled processes which
included the completed dependent parameters and stochastic concepts.

The uncertainty is one of the problems in subsurface reservoir (Watanabe et al,. 2009). While in past
discussion of parameter and model uncertainties in radioactive waste repositories, the focus has
been mainly on transport phenomena, a future challenge remain to put the entire coupled system
with all its relevant uncertainties under scrutiny as only a few stochastic case studies exist to the
present day (Buchwald et al,. 2020).

Motivation:
The discussion on the cross-interactive behavior for the stochastic THM model and
dependent parameter system are not sufficient in the literature nowadays.
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L= 150m for host rock, L= 0.35m for buffer material
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Host rock(granite)
Buffer 

material(bentonite)

1. Large scale (150m)

2. Almost all parameters are dependent.

3. Temperature needs very long times to being stable.

1. Small scale (0.35m)

2. Only porosity and permeability are dependent.

3. Temperature needs very short times to being stable
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• 𝛻 ∙ σ′ − αpI + 𝜌𝑒𝑓𝑓𝑔 = 0 (Mechanical)

•
1

𝑀

𝑑𝑝

𝑑𝑡
+ 𝛻 ∙ 𝑞𝑓 + 𝛻 ∙ 𝛼

𝑑𝑢

𝑑𝑡
= 𝑄𝑓 (Hydraulic)

• (𝐶𝑝𝜌)𝑒𝑓𝑓
𝑑𝑇

𝑑𝑡
+ 𝛻 ∙ 𝑞𝑇 = 𝑄𝑇 (Thermal)

This study used the finite element software COMSOL MULTIPHYSICS to develop a fully-coupled 1D THM model with
dependent parameters. Moreover, Java code was written to automatize COMSOL MULTIPHYSICS for the Monte Carlo
simulation.

𝜎′ = ℂ(ε − 𝛼𝑇∆𝑇𝐼)

𝑞𝑓 =
−𝑘

𝜇
𝛻𝑝

𝑞𝑇 = −𝜆𝑒𝛻𝑇 + 𝑐𝑝
𝑙 𝜌𝑙𝑣 ∙ 𝑇
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Type Parameters
THM model – Host 

Rock(Saturated)
THM model - Buffer 

(Saturated)
Unit

Physical properties
Density 2700 2085.90 kg/𝑚3

Effective porosity 0.01 0.3464 -

Mechanical properties

Compressibility of solid 2.20E-11 2.00E-11 𝑚2/𝑁

Compressibility of fluid 4.44E-10 4.44E-10 𝑚2/𝑁

Biot's effective stress 
coefficient

0.449 0.96 -

Young's modulus 3.75E+10 1.18E+08 Pa

Poisson's ratio 0.25 0.49 -

Hydraulic properties
Hydraulic conductivity 3.92E-12 2.21E-14 𝑚/𝑠

Viscosity of the pore fluid 1E-3 1E-3 𝑃𝑎 ∗ 𝑠

Thermal properties

Thermal conductivity 2.5 1.12 𝑊/𝑚 ∗ 𝐾

Specific heat 850 1471 𝐽/𝑘𝑔 ∗ 𝐾
Volumetric thermal 
expansion of solid

8E-6 3.4E-5 1/𝐾

Volumetric thermal 
expansion of fluid

2.1E-4 2.1E-4 1/𝐾

Methodology

(JNC, 2000b)(Cheng, 2016)
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1d 5d 15d 100d 1h 5h 10h 30hSpatial domain
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0.1m 0.2m 0.3mTime domain
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25a 50a 125a 150a 300aSpatial domain
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11m 37m 75m 113mTime domain
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Buffer material Host Rock
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Buffer material Host Rock
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Buffer material Host Rock
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Buffer material

Dependent parameters model Independent parameters model
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Host rock

Dependent parameters model Independent parameters model
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Buffer material Host Rock
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Buffer material

Dependent parameters model Independent parameters model



Results (Covariance)
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Results (Covariance)
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• The independent parameters model will overestimate the results compare to the dependent
parameters model in the host rock case. However, it only affect the equilibrium rate in the buffer
material case due to the independent Young’s modulus.

• Although hydraulic conductivity is the only random variable in this study, the fully-coupled THM model
makes each variables interact together. It means when the pore pressure was affected by the
perturbation of the hydraulic conductivity, displacement and temperature will also be affected.

• The parameters uncertainty and cross-interaction between the variables of the THM behavior were
quantified by the Monte Carlo simulation.

• The variance and covariance value will be affected by the dependent parameters.
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• Add more variable like Young’s modulus or thermal conductivity as random variable
into the THM model.

• Connect the buffer material and host rock to discuss how the contact behavior affect
the THM model.



Thank you for listening
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