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Fluid flow and mass transport properties in geological disposal 
of high-level radioactive waste considering fracture networks
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Abstract: Fractures significantly influence fluid flow and mass transport in projects of radioactive waste disposal 
in deep geological formations. This work investigated the mechanism of nuclide migration in fractured rocks by 
considering fracture roughness based on a unified pipe-network method (UPM). The processes of adsorption and 
decay were incorporated into the UPM framework to capture the nuclide migration in a rock mass with rough-

walled fracture networks. Benchmark tests were attempted against analytical results of the concentration 
distribution along a single fracture. An equivalent method to approach the hydraulic fracture aperture in fractured 
rocks by considering fracture roughness was also demonstrated. The influences of the fracture-roughness 
distribution, the rock matrix adsorption capacity and the transport properties on the process of nuclide migration 
were investigated. The results show that the breakthrough curve for the nuclide migration moved toward a 
longer time with increasing fracture roughness. The increased diffusion coefficient and retardation factor in the 
rock matrix greatly enhanced the matrix retardation effect on nuclide migration. Furthermore, the nuclide 
featured longer half-life results in a higher relative nuclide concentration of the domain. A hydraulic gradient with 
a relatively low value greatly impacted the relative concentration's distribution.
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高放废物贮存复杂裂隙岩体的渗流传质特性
马国伟,徐曼,陈昀,李拓,王惠栋

（河北工业大学  土木与交通学院，天津  300401）

摘 要：裂隙对高放废物深地质处置工程的渗流与传质过程影响显著。基于统一管网法（UPM），

考虑裂隙网络粗糙特性及吸附与衰变因素，研究裂隙岩体核素迁移机制，并针对单裂缝岩体溶质

运移解析解进行基准测试。基于粗糙裂隙网络水力隙宽等效方法，研究裂隙粗糙度分布、岩石基

质吸附能力及裂隙岩体传质特性对核素迁移过程的影响。结果表明，核素运移的突破曲线随着裂

隙粗糙度的增大而向长时间方向移动；岩石基质扩散系数和延迟因子的增大极大提高了其对核素

迁移的延迟效应；具有较长半衰期的核素易在岩体中积聚成相对较高的浓度，而较低的水力梯度
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值对相对浓度场分布特性的影响更为显著。
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1　Introduction

As a clean energy source, nuclear energy 
provides an excellent way for optimizing the energy 
structure and promoting sustainable development.  
However, the high-level radioactive waste that is 
produced by nuclear energy generation is one of the 
main factors that restrict the nuclear industry's 
development.  In projects of radioactive waste 
disposal in deep geological formations, the natural 
fracture network is a remarkable feature and has 
complex geometries and properties.  Furthermore, 
numerous fractures with varying sizes are also 
created in the rock surrounding the disposal 
repository because of excavation blasting or 
earthquakes[1-3].  Since the permeability of fracture is 
larger than that of the rock mass matrix, fractures 
play a key role in fluid flow and nuclide migration 
(deep underground) and threaten the safe disposal of 
radioactive waste.

An idealized single-fracture model is commonly 
used to study the mechanism of fluid flow and mass 
transport in fractured porous media.  A cubic law was 
derived by regarding the single fracture as two 
smooth, straight, and infinite parallel plates.  On this 
basis, the fluid flow and mass transport in both single 
fractures and in fracture networks were analyzed[4-7].  
However, natural fractures feature rough-walled 
properties with varying apertures and complex 
geometries.  The assumption of parallel plates 
ignores the fracture roughness and the tortuous flow 
path, thereby overestimating the fracture's velocity, 
which are not valid for fluid flow in a more realistic 
fracture[8-11].  Rasouli et al. [12] established a relationship 
between hydraulic aperture and mechanical aperture 
by incorporating the joint roughness coefficient (JRC) 
of rough-walled fractures.  The applicability of the 
correlation was suggested by comparison to the fluid-

flow test results of nine actual fractures in granite 
rocks.  Zhang et al. [10] improved the seepage model in 

a single rough-walled fracture by considering the 
parameters of tortuosity and the joint roughness 
coefficient.  The reliability of the updated flow 
prediction model, compared with the previous 
modified model that only considered one factor, was 
demonstrated by evaluating the flow patterns in four 
rough-walled fractures.  In addition to JRC, the 
parameter Z2 and fractal dimension D were also 
commonly used to quantitatively evaluate the fracture 
roughness.  Li et al.  [13]  directly solved the Navier-

Stokes equation to simulate fluid flow in a series of 
two-dimensional fracture models with a different 
fracture roughness (Z2 is from 0 to 0. 5).  It was found 
that the hydraulic aperture was inversely proportional 
to Z2.  Dimadis et al. [14] proposed a correction model 
for the hydraulic aperture related to Z2.  The 
feasibility of this model was demonstrated by 
comparing flow velocities obtained from seepage 
tests.  Luo et al. [15] established an equivalent 
permeability model using fractal dimensions to 
evaluate the influence of fracture roughness on the 
flow patterns.  The fracture permeability measured 
by the seepage test proved the accuracy of the 
proposed model, which was then used in the study of 
coalbed methane storage and transportation.

Nuclide migration is an extremely complex 
process involving: convection of solute along 
fractures and diffusion in the matrix, mechanical 
dispersion of solute in fractures, adsorption by the 
matrix, and radioactive decay of nuclides[16].  
Numerous efforts have been devoted to finding 
corresponding analytical solutions to investigate the 
mechanisms of these complex processes[17-20].  
However, although analytical solutions have high 
accuracy, they are difficult to apply when solving 
complex practical problems, because they use 
oversimplified models.  Numerical methods are 
powerful tools for approaching fluid flow and mass 
transport in rock masses with complex fracture 
networks.  Continuum-based models can be applied 
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to investigate the multi-physical coupled process in 
fractured rocks.  Tsang et al. [21] used a single-

porosity model to represent fractured porous media 
as a single random continuum and simulated the 
three-dimensional transmission of point tracers at 
hundreds of locations in the medium.  The resultant 
statistical distributions of transport parameters 
quantified the uncertainty in predicting flow and mass 
transport based on a limited amount of field data.  A 
dual-porosity model indicated that the fractured rock 
mass was a unit composed of a fracture system with 
poor porosity and strong water conductivity, a pore 
system with good porosity and weak water 
conductivity.  Suresh et al. [22] used the dual-porosity 
model to comprehensively consider the permeability 
of both the fracture and the rock matrix and simulated 
the fluid flow and mass transport in a coupled 
fracture-matrix system.  The effects of matrix 
diffusion and dispersion on the concentration 
distribution in a typical dual-porosity system were 
discussed in detail.  Yan et al. [23] proposed a general 
multiporosity model to simulate the process of 
seepage and mass transport in fractured rock masses 
with more than two porosity systems.  The 
multiporosity model was then extended to analyze 
the contaminant migration behavior of porous 
fractured aquifers in sandstone formations[24].  It was 
demonstrated that a detailed description of the 
heterogeneous fractured aquifer was necessary to 
understand and simulate the distribution of pollutant 
concentrations.

However, continuum-based models homogenize 
the fracture properties, such as fracture permeability 
and diffusion coefficient, into the rock matrix.  The 
discontinuity and complex geometries of the fracture 
are neglected, which greatly impacts the local 
distributions of pressure and concentration in 
fractured rocks[25].  Discontinuum-based models 
explicitly consider the distribution of fractures and 
their effect on the processes of fluid flow and mass 
transport and well describe the anisotropy of the 
multi-physical coupled process in a fractured rock[26].  
Blessent et al. [27] employed three-dimensional and 
two-dimensional elements to represent the rock 

matrix and fractures, respectively, for the simulation 
of groundwater flow and pollutant transmission in 
fractured rocks.  Verification was performed by 
combining the geological model and the numerical 
technique.  Hyman et al. [28] proposed a scheme to 
solve the flow and mass transport in three-

dimensional fracture networks.  The detailed 
geometry of fractures was simplified, and the 
connected pipe networks representing the discrete 
fracture network (DFN) topology were retained.  
Sherman et al. [29] simulated the solute transport 
process in a fractured rock mass based on a DFN 
model.  The particle tracking method was used to 
analyze the influence of different cross-mixing rules 
on the transport properties in a three-dimensional 
discrete fracture network system.  Li et al. [30] used 
the finite element method to simulate fluid flow and 
solute transport in both a rock matrix and fractures.  
The main factors that affect the solute concentration 
distribution in the fracture network were 
investigated, and strategies for the design of 
radioactive waste repositories were proposed.  A 
unified pipe-network method (UPM) was developed 
to investigate the coupled processes of fluid flow, 
mass transport, and chemical reaction in complex 
fracture networks[31].  The UPM was further 
extended to capture the mechanism of nuclide 
migration in highly fractured rocks by incorporating 
the effects of chemical convection and dispersion.  
The influences of the radioactive material’s half-life, 
the fracture length and aperture, and the geometric 
fracture configuration on the transport of radioactive 
contaminants in fracture networks were numerically 
analyzed[32].  Fractures with complex geometries 
greatly impact the concentration distribution in 
fractured rocks, and the presence of adsorption and 
radioactive decay also affect nuclide migration in the 
formation[33].  A more comprehensive model based on 
UPM, therefore, must be developed to capture the 
mechanism of nuclide migration in fractured rocks.

The main contribution of this study was the 
investigation of the mechanism of nuclide migration 
in fractured rocks by considering fracture roughness 
based on the unified pipe-network method.  The 
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processes of adsorption, decay and dispersion were 
incorporated into the UPM framework to capture the 
nuclide migration in a rock mass with rough-walled 
fracture networks.  Firstly, mathematical models and 
the discrete process of UPM were introduced.  
Benchmark tests against analytical results of the 
concentration distribution along a single fracture were 
then attempted to verify the numerical model.  An 
equivalent model that representing a rough-walled 
fracture aperture was incorporated into the UPM 
framework, and the influences of fracture roughness 
distribution, the rock matrix adsorption capacity, and 
the transport properties on the process of nuclide 
migration were investigated.  Finally, conclusions 
were drawn, and limitations were discussed.

2　Mathematical model and numerical 
method

2. 1　Governing equations
It is assumed that mass transport in rock 

fractures is mainly controlled by convection and 
dispersion, and the governing equation for an 
incompressible diluted solution is expressed as 
follows[31]

∂ ( φξ C ξ )
∂t

= ∇ ⋅ (φξ Dξ ∇C ξ - vξ C ξ) （1）

where the superscript ξ is the medium type (i. e. , ξ=
m is rock matrix, ξ =f is fracture); φ is the porosity; 
C is the solute concentration, mol/L; v is the fluid 
velocity, m/s; D is the hydrodynamic dispersion 
coefficient, m2/s; and t is the time variable, s.  The 
left side of the equation is the time-varying term.  
The first term on the right side of the equation is the 
dispersion term, representing the molecular diffusion 
and mechanical dispersion in the process of mass 
transport.  The second term on the right side of the 
equation is the convection term, which is related to 
the fluid flow velocity.

The migration of nuclides in a fractured rock is 
controlled by many physical and chemical processes.  
In addition to the convection and dispersion described 
above, the adsorption and reaction of the delayed 

effect should also be incorporated to capture the 
process of nuclide migration.  Therefore, Eq.  （1） 
can be rewritten as[32]

Rξ ∂ ( φξ C ξ )
∂t

= ∇ ⋅ (φξ Dξ ∇C ξ - vξ C ξ)- λRξ φξ C ξ  （2）

where R is the retardation factor; λ is the decay 
constant, 1/s.  The effects of adsorption on the 
fracture surface and the rock matrix are represented 
by retardation factors, which yields[32]

R f = 1 + K f

b
（3）

Rm = 1 + K m （4）
where Kf is the distribution coefficient of the fracture, 
m, defined as the mass of solute adsorbed in unit 
volume of rock matrix divided by solution 
concentration; Km is the distribution coefficient in the 
rock matrix, defined as the mass of solute adsorbed 
in unit volume of rock matrix divided by solution 
concentration[34]; b is half of the fracture aperture.  
The relationship between the decay constant λ and 
the half-life t1/2 is written as[35]

λ = ln 2
t1/2

（5）

2. 2　Unified pipe-network method
Comparing with the finite element method 

(FEM), the unified pipe-network method had merit 
in satisfying the mass conservation by obtaining the 
pressure and concentration field, achieving numerical 
stability and convergence in the condition with a large 
Péclet number.  Therefore, this method was used in 
this work to investigate the mechanism of nuclide 
migration in fractured rocks.  In UPM, fractures and 
the rock matrix in a fractured model were discretized 
as triangular elements and line elements, 
respectively.  A pipe-equivalent method was used to 
obtain the pipes for the process of fluid flow and mass 
transport in each element.  Both fracture pipes and 
rock matrix pipes were then combined to generate a 
pipe network system[32].  A two-dimensional 
fractured rock is shown in Fig.
1（a）.  The bold red line represented a fracture, and 
the remainder was the rock matrix.  Fig. 1（b） shows 
a triangular element abc of the rock matrix obtained 
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from the fractured model in Fig. 1（a）.  The point o 
was the circumcentre of Δabc; oi, oj and ok were the 
vertical lines from the circumcenter to each side of 
the triangle.  Based on pipe equivalence, ab, bc, and 
ac were equivalent to matrix pipes.  Specifically, the 
process of fluid flow between region oibj and region 
ojck was equivalent to the flow in matrix pipe bc, and 
the flow rate was recorded as Qoj.  Similarly, the 
flow between region ojck and region okai were 
equivalent to the fluid flow in matrix pipe ca, and the 
flow between region okai and region oibj was 
equivalent to the fluid flow in matrix pipe ab.  Fig. 1（c） 
shows a fracture pipe bc, and the flow rate in the pipe 
was Qbc.  The matrix pipe and the fracture pipe were 
combined, based on the superposition principle, and 
thus, the total flow rate at the fracture-matrix 
interface could be obtained as Qoj+Qbc, as shown in 
Fig. 1（d）.  The process of fluid flow and mass 
transport was finally solved using an implicit time 
scheme.  A detailed derivation of the discrete form 
based on UPM can be found in references [31-32].

3　Fluid flow and mass transport in a 
single-fractured rock

3. 1　Model verification
A fractured rock model embedded with a 

horizontal fracture is shown in Fig.  2.  The fractured 
model with dimensions of 5 m （x） × 2 m （y） was 
meshed with 1 918 elements and 1 015 nodes.

The upper and lower boundaries of the area 
were impervious.  The solute was injected into the 
fracture at a constant concentration from the left 
side, and the fluid freely flowed out at the right end.  
The velocity of fluid in the fracture was 0. 01 m/d.  
The initial boundary was expressed as C(x, 0) =0.  
The simulation parameters for the process of fluid 
flow and mass transport are shown in Table 1.

The numerical model was verified by 
comparison with the analytical solution for the 
concentration evolution in a single fracture with 
constant aperture.  In a single-fractured model that 
considers the processes of convection and diffusion, 
the analytical solution of mass transport in the 
fracture can be expressed as[18]

C
C 0

= erfc
ì
í
î

ïï

ïïïï( tw

b
⋅ D e

D a
)/é

ë2 ( t - tw ) ùû
ü
ý
þ

ïïïï

ïïïï
（6）

（a） A discretized model for a fractured rock

（b） Pipe equivalence in matrix element

（c） Pipe equivalence in fracture element

（d） Combination of matrix pipe and fracture pipe

Fig. 1　Discretization of unified pipe-network method

Fig. 2　Mesh generation for a fractured rock model

Table 1　Simulation parameters for model verification

Parameters

Fluid density
Fracture aperture
Fracture porosity
Matrix porosity

Matrix permeability
Fracture diffusion coefficient
Matrix diffusion coefficient

Retardation coefficient in matrix
Retardation coefficient in fracture

Decay constant of nuclide

Symbols

ρf

b

φf

φm

km

Df

Dm

Rm

Rf

λ

Values

1 000
1×10-3

1
0. 2

1×10-15

5. 9×10-8

1. 6×10-10

1. 27
1. 5

1. 78×10-9

Units

kg/m3

m

m2

m2/s
m2/s

s-1
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where c0 is the source comcentration at the inlet, 
mol/L; tw is the water residence time, s; t is the 
solute transport time, s; De is the effective diffusion 
coefficient, m2/s, and Da is the apparent diffusion 
coefficient, m2/s.

The relative concentration distribution curves 
along the single fracture at different times (200, 
2 000 and 10 000 d) are displayed in Fig. 3.  The 
concentration in the fracture was negatively 
correlated with the migration distance, and the 
concentration at the same position increased with 
increasing simulation time.  Good agreement was 
achieved between the results obtained from the UPM 
and the analytical solutions.

If the adsorption and reaction of the delayed 
effect are incorporated in the process of mass 
transport, the analytical solution can be expressed 
as[17]

C
C 0

= exp
ü
ý
þ

ïïïï

ïïïï

ì
í
î

ïï

ïïïï

é

ë

ê
êê
ê
ê
ê ù

û

ú
úú
úv - ( )v2 + ψ

D f

1/2

⋅ x （7）

Fig. 4 shows the relative concentration distri-
bution curves along the single fracture at 200, 2 000 
and 10 000 d.  The concentration of nuclides in the 
fracture decreased with increasing migration 
distance.  The nuclide migration speed, considering 
the effect of adsorption and decay, significantly 
decreased.  The results obtained from the numerical 
model were consistent with the analytical solutions, 
which indicated the reliability of the UPM in the 
simulation of chemical convection, diffusion, 
adsorption and decay in a fractured model.

3. 2　 Fracture roughness characterization and 
equivalent hydraulic aperture

The joint roughness coefficient （JRC）, fractal 
dimension （D）, and parameter Z2 are widely used in 
rock mechanics to quantitatively evaluate fracture 
roughness.  The parameter Z2, which is conceptually 
clear and computationally simple, represents the 
fracture roughness in a two-dimensional rock mass in 
this study[36].

z2 =
é

ë

ê
êê
ê
ê
ê 1

L ∑( )zi - 1 - zi

xi - 1 - xi

2

( xi - 1 - xi)
ù

û

ú
úú
ú

1/2

（8）

where xi and zi are the coordinates of the fracture 
surface profile, m; L is the fracture length, m.  The 
correlations between JRC and Z2 can be found based 
on the analysis of Barton's standard profile curve[37].

Mathematical and empirical models have been 
proposed to connect hydraulic apertures with 
mechanical apertures[12-13, 38-39].  The established 
correlation between these apertures and Z2 is 
employed[40].

e = E
1 + Z 2

2.25 （9）

where e is the hydraulic aperture, m; E is the 
mechanical aperture, m.  The above correlation is 
applicable to fluid flow with a Reynolds number less 
than 1.

SynFrac[41-42] was used to generate the rough-

walled fracture embedded in a rock mass, as shown 
in Fig.  5.  The fracture aperture followed a normal 
distribution with a mean value of 0. 1 mm.  The 
parameter Z2 of this rough-walled fracture was 0. 3, 
as obtained from Eq.  （8）.  Thus, the equivalent 
hydraulic aperture could be calculated as 0. 094 mm 

Fig. 3　Comparison of analytical and numerical solutions 
for the processes of convection and diffusion in a

single-fractured model

Fig. 4　Comparison of analytical and numerical solutions 
considering the processes of convection, diffusion, 
adsorption and decay in a single-fractured model
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by substituting Eq.  (8) into Eq.  (9).

3. 3　 Transport properties in a single-fractured 
model

A rough-walled fracture with parameter Z2 of 
0. 3 and an average aperture of 0. 1 mm was 
generated in a two-dimensional fractured model.  A 
smooth-walled fracture with an equivalent hydraulic 
aperture of 0. 094 mm was then obtained based on 
Eq.  （9）.  The simulation parameters and boundary 
conditions can be found in Section 3. 1.  The 
simulated results indicated that the average flow rate 
in a rough-walled fracture was 3. 46×10-13 m3/s, 
while the average flow rate in a smooth-walled 
fracture was 4. 60×10-13 m3/s.  The flow rate in a 
rough-walled fracture was 24. 8% less than that in a 
smooth-walled fracture.

Breakthrough curves and relative concentration 
distribution curves were obtained and plotted in Fig. 6.  
As shown in Fig.  6（a）, the increase rate of nuclide 
concentration in the smooth-walled fracture was 
obviously faster than that of the rough-walled 
fracture.  As shown in Fig.  6（b）, it was indicated 
that the migration distance required for the smooth-

walled fracture to reach the same relative 
concentration was longer than that required for the 
rough-walled fracture.  Table 2 lists the time required 
to reach the identical relative concentration at outlets 
for the two models with different types of fractures.  
It was illustrated that 500 d was required for the 
smooth-walled fracture model to reach a relative 
concentration of 0. 05, which was 1 600 d earlier 
than that for the rough-walled fracture model.  The 
time difference between these two models to reach 
relative concentrations of 0. 1 and 0. 15 at the outlets 
was 2 800 d and 5 400 d, respectively, which 
indicated that the impact of fracture roughness was 
enhanced as the migration process continued.  
Therefore, the effect of fracture roughness should be 

considered in the investigation of nuclide migration in 
fractured rocks.

4　Transportation of high-level
radioactive waste in rough-walled 
fracture networks

4. 1　Description of the model
Two groups of fractures were randomly 

generated in the region of 50 m （x） × 50 m （y）.  
The fracture dip angle in each group followed a 
normal distribution with mean values of 45° and 
135° , respectively, and the variance was 5.  The 
fracture length followed a normal distribution with an 
average value of 10 m and a variance of 6.  The 
fracture aperture conformed to the normal distribution 
with an average value of 0. 5 mm in the study of 

（a） Breakthrough curves

（b） The relative concentration along the x-direction after 
10 000 days

Fig. 6　The evolution of relative nuclide concentration in 
a fractured rock with different fracture properties

Fig. 5　A rough-walled fracture generated based on SynFrac

Table 2　The time required for a single-fractured model to 
reach different relative concentrations

Fracture type

Rough-walled fracture
Smooth-walled fracture

Time/days

0. 05 C0

2 100
500

0. 1 C0

3 700
900

0. 15 C0

6 800
1 400
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radioactive waste's deep geological disposal in 
fractured rocks.  The total fracture number was 100 in 
the current simulation, and the model diagram is 
shown in Fig.  7.

The hydraulic gradient was commonly 
distributed in the range of 0. 008-0. 016 based on 
previous investigations[43].  The hydraulic gradient 
was assigned as J=0. 01 in the current simulation.  
The fluid at the right end of the area freely flowed 
out, and the upper and lower parts were 
impermeable boundaries, as shown in Fig.  7.  The 
solute was injected at a constant concentration along 
the x-direction from the left boundary and flowed out 
at x=50 m.  Here, the nuclide Th-232 was 
employed to simulate a migration process in the 
fractured system.  The simulation parameters are 
listed in Table 3.

4. 2　Effect of fracture roughness distributions on 
nuclide migration

The fracture roughness is determined by the 
aperture and tortuosity of a fracture.  The process of 

nuclide migration in fracture networks with different 
roughness distributions was studied in this section.  
Each fracture in the fracture network system featured 
a specific fracture roughness.  Cases with different 
distributions of fracture roughness (constant 
roughness, uniform distribution of roughness and 
normal distribution of roughness) were numerically 
simulated to investigate the effect of fracture 
roughness on the process of nuclide migration in 
rough-walled fracture networks.  Two values of Z2 
(Z2=0 and Z2=0. 5) were assigned in cases with 
constant roughness.  The fracture roughness in cases 
of uniform distribution and normal distribution were 
in the range of 0 and 0. 5.  An average value of 0. 25 
and a variance of 0. 1 was assigned in the normal 
distribution case.

Breakthrough curves for the nuclide concentration 
along the exit of the domain in different cases related to 
fracture roughness are shown in Fig. 8.  The 
breakthrough curve moved towards a longer time with 
increasing Z2.  The concentration at the outlet boundary 
decreased with increasing overall roughness.  The 
breakthrough curve of the roughness uniform 
distribution model was close to that of the normal 
distribution model.

4. 3　 Effect of rock matrix properties on nuclide 
migration

The water storage capacity of a fractured rock 
mass depends on microcracks or pores (rock matrix), 
while the water conductivity depends on larger 
fractures.  Therefore, both fractures and the rock 
matrix were considered in the simulation of nuclide 
migration in fractured rocks.  Two aspects related to 
the influence of the rock matrix on the processes of 
fluid flow and mass transport were investigated.  The 

Fig. 7　A rock model with fractured networks for nuclide 
migration

Fig. 8　Comparison of breakthrough curves of different 
distributions of roughness

Table 3　Simulation parameters for the fluid flow and 
mass transport in fracture network

Parameters

Fluid density
Average fracture aperture

Fracture porosity
Matrix porosity

Matrix permeability
Fracture diffusion coefficient
Matrix diffusion coefficient

Retardation coefficient in matrix
Retardation coefficient in fracture

Decay constant of nuclide

Symbols

ρf

E

φf

φm

Km

Df

Dm

Rm

Rf

λ

Values

1 000
0. 5

1
0. 2

1×10-15

8×10-5

1. 6×10-10

1. 27
1. 5

4. 93×10-11

Units

kg/m3

mm

m2

m2/s
m2/s

a-1
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first was the diffusion coefficient of the matrix (Dm), 
and the second was the blocking factor of the matrix 
(Rm) when nuclides were adsorbed.

The influence of matrix diffusion on the process 
of nuclide migration in a fractured system was 
analyzed using four different diffusion coefficients: 0, 
1. 6×10-12, 1. 6×10-11 and 1. 6×10-10 m2/s.  The 
breakthrough curves for different cases are plotted 
in Fig.  9.  The average concentration of nuclides in 
the fractures at the outlet boundary tended to be 
stable after 300 a, and it decreased with increasing 
Dm.  Fig. 10 presents the distribution of nuclide 
concentration with different matrix diffusion 
coefficients.  The concentration distribution at the 
outlet boundary indicated that the concentration of 
nuclides in the fractures decreased with increasing 
Dm.  It has been demonstrated that enhanced matrix 
diffusion greatly slowed the process of nuclide 
migration and weakened the peak value of the 
breakthrough curve.

（a） Dm=0

（c） Dm=1.6×10-11

（b） Dm=1.6×10-12

（d） Dm=1.6×10-10

Fig. 10　Distribution of nuclide in fracture network

Different Rm values were used to analyze the 
effect of adsorption on the processes of nuclide 
migration in fractured rocks, and the breakthrough 
curves are shown in Fig.  11.  The relative 
concentration of nuclides at the outlet decreased with 
increasing Rm.  The enhanced adsorption effect in the 
rock matrix extended the breakthrough time as the 
nuclide continuously migrated in the domain.

4. 4　Effects of decay on nuclide migration
The radioactive decay of nuclides also impacted 

the mass transport process in the domain.  Nuclides, 
including Th-232, U-238 and Cs-135, which have 
large differences in half-lives (Table 4), were used to 
characterize the nuclide migration in fractured rocks.  
Fig.  12 illustrates the distribution of nuclide 
concentrations after 50 a.  Th-232 diffused the fastest 
in the same domain compared with the other two 
nuclides.

The relative concentrations of the three nuclides 
at the outlet of the fractured rock were calculated.  
The corresponding breakthrough curves and the 
relative concentrations along the x-direction are 
shown in Fig.  13.

The breakthrough curves in Fig.  13（a） indicated that 
the relative concentrations of all nuclides at the outlet 
boundary increase with time.  The nuclide Cs-135, 
which has a shorter half-life, featured the lowest relative 

Fig. 9　Comparison of breakthrough curves of different Dm

Table 4　The half-lives and decay constants of different 
nuclides

Nuclide

Th-232
U-238
Cs-135

Half--life t1/2 /a

1. 41×1010

4. 50×109

2. 30×106

Decay constant λ/a-1

4. 93×10-11

1. 54×10-10

3. 01×10-7

Fig. 11　Comparison of breakthrough curves of different Rm
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concentration at the outlet compared with the other two 
nuclides.  The concentration built up at an exponential 
rate before 100 a and tended to be stable after 200 a.  

The time required to reach a stable state was longer for 
nuclides with longer half-life.  Fig.  13（b） illustrates the 
relative concentrations of three nuclides migrating along 
the x-direction in the fractured domain after 50 a.  The 
relative concentration in fractures decreased with 
increasing migration distance.  The nuclide Cs-135 was 
characterized by a smaller half-life and presented a 
smaller migration distance.  Correspondingly, the 
nuclide Th-232 had a longer half-life and tended to have 
a lower radiation intensity and a longer migration 
distance.  The decay of a radionuclide emitted and 
transformed particles into other elements.  A more 
active radiation reaction resulted in a faster decrease in 
the nuclide concentration and shorter penetration 
distance[44].  Therefore, the nuclide's radioactive decay 
strongly impacted the distribution of the nuclide 
concentration in fractured rocks.
4. 5　 Effects of hydraulic gradient on nuclide 
migration

Different hydraulic gradients （0. 008, 0. 01, 
0. 012 and 0. 015） were used to investigate nuclide 
migration in the fractured domain.  The distributions 
of nuclide concentration after 50 a in the four cases 
are shown in Fig.  14.

The breakthrough curves in Fig.  15 （a） 

（a） J=0.008

（c） J=0.012

（b） J=0.010

（d） J=0.015

Fig. 14　Distribution of nuclide concentration in different 
hydraulic gradients

（a） Th-232

（c） Cs-135

（b） U-238

Fig. 12　Distribution of the concentration of different 
nuclides in a fractured rock

（a） Breakthrough curves

（b） The relative concentration along the x-direction 
after 50 a

Fig. 13　The evolution of relative nuclide concentrations 
of different nuclides
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indicated that the relative concentration at the outlet 
increased with increasing hydraulic gradient 
throughout the simulation.  In addition, the relative 
concentration increased by 30. 4% when the 
hydraulic gradient changed from 0. 008 to 0. 01 
（increased by 25%）.  Nevertheless, the relative 
concentration only increased by 22. 0% when the 
hydraulic gradient changed from 0. 012 to 0. 015 
（increased by 25%）.  The results indicated that the 
concentration variation was greatly influenced by the 
hydraulic gradient when J was a relatively low value.  
Fig.  15（b） shows the relative concentration along 
the x-axis after 50 a with different hydraulic 
gradients.  The maximum migration distance of the 
nuclide increased with increasing hydraulic gradient.

5　Conclusion

This work was used to investigate the 
mechanism of nuclide migration in fractured rocks 
when considering fracture roughness based on UPM.  
The influences of the fracture roughness' 
distribution, the nuclide decay effect, the rock matrix 

adsorption capacity and the transport properties on 
the process of nuclide migration were investigated.  
The results showed that different distributions of 
roughness had an effect on the nuclide concentration 
in fractured rock and that the breakthrough curve 
moved toward a longer time with increasing Z2.  
However, the migration patterns between the case 
with the uniform distribution of Z2 were close to the 
case with the normal distribution of Z2.  The increase 
of Dm and Rm in the rock matrix greatly enhanced the 
matrix retardation effect on nuclide migration.  The 
half-life of the nuclide also greatly influenced the 
distribution of nuclide concentration in the fractured 
rock.  A longer nuclide half-life led to a higher level 
of relative nuclide concentration in the domain.  
Furthermore, the hydraulic gradient greatly impacted 
the distribution of the relative concentration, 
especially when the hydraulic gradient was relatively 
low.  The relative concentration increased by 30. 4% 
when the hydraulic gradient changed from 0. 008 to 
0. 01 (increased by 25%).  Nevertheless, the relative 
concentration only increased by 22. 0% when the 
hydraulic gradient changed from 0. 012 to 0. 015 
(increased by 25%).

The current numerical model provided a 
theoretical basis for the optimization of high-level 
radioactive waste disposal in fractured rocks.  
However, improvements are still required in future 
work.  A more realistic geological model should be 
established to perform safety assessments in the deep 
geological disposal of high-level radioactive waste 
based on field data.  Furthermore, the influences of 
temperature and fracture filling on the process of 
nuclide migration should also be considered.
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