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1 INTRODUCTION 
Cement grouting is an important technique that has been widely used in rock engineering projects, 
such as construction of rock tunnels, dams and underground facilities in rock caverns. Modeling 
of cement grouts propagation in rock fractures is important in the design, execution and monitor-
ing of rock grouting (Emmelin et al 2007; Stille 2015).  

In rock grouting, cement grouts are often injected through boreholes with an approximately 
constant pressure, and propagate through connected fractures. In the literature, both analytical and 
numerical models have been developed to simulate grout propagation in single fractures or regular 
structured networks (Hässler et al 1992; Stille 2015; Zou et al. 2018a; 2018b; 2019a). However, 
rock masses are often fractured with complex discrete fracture networks (DFN). To predict ce-
ment grouting, it is necessary to model cement grouts propagation in fracture networks. In our 
previous works, we developed a two-phase flow model for modeling of cement grouts propaga-
tion in water-saturated both single fractures and two-dimensional DFN systems (Zou et al 2018a; 
2019b). These studies generally showed that the cement grout propagation process is significantly 
affected by the fluid rheological properties, DFN geometry and hydraulic structures. In particular, 
we studied impact of DFN geometry structures on cement grouts propagation in Zou et al (2019b). 
However, the impact of fluid rheological properties on the grout propagation in DFN systems has 
not been presented. 

In practice, the cement grouts applied for rock grouting are typically non-Newtonian fluids 
with yield stress, which are often assumed as Bingham fluids (Håkansson 1993). The rheological 
properties of cement grouts are significant design parameters in rock grouting. It is found that the 
rheological parameters of cement grouts i.e. yield stress and plastic viscosity, controls propaga-
tion lengths in single fractures (Zou et al 2018a). However, the impact of rheological properties 
of cement grouts on propagation in fracture networks has not been systematically studied using 
the two-phase flow model for the two-dimensional DFN. 

In this study, we present numerical results of cement grouts propagation in 2D fracture net-
works and focus on the impact of rheological properties on the propagation process. The results 
demonstrate the importance of rheological properties on the grout propagation, which are helpful 
for selection of proper cement grouts and design of rock grouting in practice. 
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phase flow model. The cement grouts are typical non-Newtonian fluids that contain yield stress, 
which are often assumed as Bingham fluids. The aim of this study is to investigate the impact of 
Bingham rheological properties, i.e. yield stress and plastic viscosity, on cement gouts propaga-
tion in two-dimensional fracture networks. The results generally show that the rheological prop-
erties of cement grouts, i.e. yield stress and plastic viscosity, significantly affect cement grouts 
propagation in the fracture network. The propagation rate in the fracture networks reduces with 
the increase of the yield stress and the plastic viscosity of the cement grouts. 



 
2 MATHEMATICAL MODEL AND SOLUTION METHOD 

2.1 Rheological model for cement grouts 

The rheological properties of cement grouts are dependent on water and cement ratios. In practice, 
the water and cement ratio is between 0.6 and 0.8, where the cement grouts approximately be-
haves as yield-stress fluids, often approximated by the Bingham model, expressed as 

{
τ = 𝜏0 + 𝜇𝑔�̇�,                           |τ| > 𝜏0

�̇� = 0                                       𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (1) 

where τ is shear stress, 𝜏0 is the yield stress, µg is the plastic viscosity and �̇� is the shear rate. 

2.2 Mathematical model for cement grouts propagation 

We assume the cement grouts and groundwater are immiscible and incompressible fluids. The 
propagation process of cement grouts into water-saturated fractures can be described be the fol-
lowing mathematical model (Zou et al 2018a; 2019b) 
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where C is a phase function (i.e., C = 1 denotes the grout phase and C = 0 denotes the water 
phase), t is time, P is pressure, u is velocity, and T(C) represents the transmissivity, which is a 
function of C. For the groundwater, i.e., C = 0, the transmissivity is given by the cubic law, 

  𝑇(𝐶 = 0) = −
2𝑊𝐵3

3𝜇𝑤
 (5) 

where B is the half of the fracture aperture, W is the fracture width and μw is the viscosity of 
groundwater. For the Bingham grout, its transmissivity can be determined by the analytical solu-
tion of the flowrate for single-phase flow between smooth parallel plates, expressed as (Zou et al. 
2018a) 
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where zp’ is half of the plug flow region in the grout phase, which is a function of yield stress and 
the pressure gradient between the injection inlet and grout propagation front I(t) (Zou et al 2018a) 

  𝑧𝑝
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where PI(t) is the pressure at the interface. 

2.3 Numerical solution method 

The mathematical model for the two-phase flow of cement grout propagation in water-saturated 
fractures is a set of nonlinear partial differential equations, since the transmissivity for the Bing-
ham grouts is naturally nonlinear. For modeling of grout propagation in two-dimensional DFN 
systems, the mathematical model is solved numerically by iteration at each time step. In order to 
tracking the propagation interface, a novel algorithm by introducing a moving node in each frac-
ture has been developed in Zou et al (2019b). The detailed algorithm of the solution for the two-
phase flow of grout propagation in saturated fracture networks and its advantaged comparing to 
traditional methods can be find in Zou et al (2019b). 



3 NUMERICAL SIMULATION RESULTS 

3.1 Simulation scenarios  

A two-dimensional DFN geometry model with domain size of 100 m2 generated based on cumu-
lative density functions of location, orientation and length of fractures, as shown in Figure 1, is 
used to investigate the impact of fluid rheological properties on the propagation process. The 
detailed description of the generation method and statistical parameters can be found in Bagh-
banan and Jing (2007), and Zou et al (2019b). 

In Figure 1, the blue lines are the connected fractures by rim-off the isolated fractures and the 
fracture dead-ends shown as black thin lines. Since we assume the rock matrix is impermeable 
comparing to the fractures, the flow and propagation only take place in the connected part of 
fractures. The fracture aperture is assumed as following the truncated lognormal distribution and 
correlated with the fracture length, since such aperture distributions and correlation with length 
have been partially confirmed by laboratory and field measurements (Baghbanan and Jing, 2007). 
For this study, the log-variance is σ2 = 1. The upper and lower limit for the truncation is 0.2 mm 
and 0.001 mm, respectively.  

 

 
 
Figure 1. The random generated two-dimensional discrete fracture networks model and distribution of frac-
ture apertures. 

 
For comparison and to highlight the impact of rheological properties of the cement grouts on 

the propagation process, five scenarios with different values of yield stress and plastic viscosity 
are simulated in this study. To isolate the impact of network structure, we use the same DFN 
model and same boundary conditions for all the five simulations. The range of these physical 
parameters are chosen according to typical cement grouts used in practice (Håkansson 1993). 
Specifically, the yield stress are 0.5 Pa, 2.5 Pa and 5 Pa; the plastic viscosity are 0.005 Pa∙s, 0.025 
Pa∙s and 0.05 Pa∙s. For the groundwater, the viscosity is 0.001 Pa∙s.  

Initially, the fracture networks are saturated with groundwater. The grout assumed as a Bing-
ham fluid is injected with a constant pressure (P = 1 MPa) at the center of the network (shown as 
the red circle in Figure 1). A deterministic fracture is added at the center to keep the same injection 
boundary condition. In practice, the outlet boundary condition is determined by in situ static water 



pressure in the grouting area. In this work, the outlet boundary condition is P = 0 Pa, for this 
generic study (shown as red stars in Figure 1). 

3.2 Pressure distribution and grout propagation 

Figure 2 presents an example of pressure field evolution in the DFN model at different times, i.e. 
t = 450 s, 900 s, 1350 s and 1800 s. In this example, the yield stress is 2.5 Pa and the plastic 
viscosity is 0.025 Pa∙s. The pressure field generally reduces radially around the injection borehole 
located at the center of the DFN model. The pressure gradient gradually decreases with the injec-
tion time increasing from 450 s to 1800 s.  
 

 
 
 
Figure 2. Pressure field evolution in the discrete fracture network model with yield stress 2.5 Pa and the 
plastic viscosity 0.025 Pa∙s at different times (a) t = 450 s; (b) t = 900s; (c) t = 1350 s and (d) t = 1800 s. 

 
Figure 3 shows grout propagation patterns in the DFN model with the exemplified rheological 

parameters at different times, i.e. t = 450 s, 900 s, 1350 s and 1800 s. The Bingham cement grout 
(marked by red color) generally propagate along the connected fractures (marked by blue color) 
after injection. The grout gradually fills the connected fractures with the injection time increasing 
from 450 s to 1800 s. The rate of filling is different in each fracture. Generally, large-sized frac-
tures are filled relatively faster whereas the small-sized fractures are penetrated relatively slower, 
due to the length correlated hydraulic aperture for the fracture networks.   



 
 
 
Figure 3. Bingham grout propagation patterns in the discrete fracture network model with yield stress 2.5 
Pa and the plastic viscosity 0.025 Pa∙s at different times (a) t = 450 s; (b) t = 900s; (c) t = 1350 s and (d) t 
= 1800 s. 

3.3 Propagation volume fraction 

A dimensionless volume ratio, referred to as the propagation volume fraction, is defined to quan-
titatively describe the propagation process in the fracture networks (Zou et al. 2019b) 

  𝛤 =
𝑉𝑝

𝑉𝑐
 (8) 

where Vp is the propagation volume and Vc is the total volume for the fractures including the 
isolated fractures and fracture dead-ends. The Γ is a function of time, which represents the evolu-
tion of total propagation volume ratio. It is a quantitative measure that can be used to predict and 
evaluate cement grouting in fractured rocks.  

Figure 4 presents the propagation volume fraction Γ curves for different values of yield stress. 
Generally, the Γ for all cases increases at different rates with time. The propagation rate gradually 
reduces when the yield stress increases from 0.5 Pa to 5 Pa.  The Γ for the case when yield stress 
is 0.5 Pa is around 0.55 at t = 1800 s (see the black curve in Figure 4). It reduces around 10% and 
13 % for the case when the yield stress is 2.5 Pa and 5 Pa, respectively. This result implies that 



the yield stress remains a significant rheological parameter that affects the grout propagation rates 
in fracture networks. 

 

 
 
Figure 4. Propagation volume fraction Γ curves for different values of yield stress. The plastic viscosity is 
0.025 Pa·s.  

 

 
 
Figure 5. Propagation volume fraction Γ curves for different values of plastic viscosity. The yield stress is 
2.5 Pa. 

 



Figure 5 shows the propagation volume fraction Γ curves for different values of plastic viscos-
ity. When the plastic viscosity is relatively small, i.e. 0.005 Pa·s, the grout propagates fast and the 
Γ approaches 0.64 at t = 1800 s. The propagation rate reduces dramatically with the increase of 
plastic viscosity from 0.005 Pa·s to 0.05 Pa·s. This result indicates that the plastic viscosity of 
cement grout significantly influence the propagation processes in fracture networks.  

In summary, the rheological properties of the cement grout, i.e. yield stress and plastic viscos-
ity, significantly affect the propagation process in the fracture network. The propagation rate in 
the fracture networks reduces with the increase of the yield stress and the plastic viscosity of the 
cement grouts. 

4 DISCUSSIONS 
The impact of rheological properties of cement grouts on the propagation into water-saturated 
fracture networks are investigated in this work. The results confirm that the rheological properties 
are significant parameters controlling the grout propagation process in rock grouting. For sim-
plicity, the cement grout studied in this work is assumed as the simplest non-Newtonian fluid as 
a Bingham fluid. Therefore, it is important to accurately measure the rheological properties in 
real-time to obtain more accurate prediction of cement grout propagation in rock grouting prac-
tice. Note that the cement grouts in reality typically are complex fluids with time-dependent prop-
erties, such as thixotropic and hardening behaviors, due to complex chemical reactions in the 
hydration process (Håkansson 1993; Rahman et al. 2015; Shamu et al. 2019). It remains an im-
portant topic for study the impact of such complex rheological behaviors of cement grouts on the 
rock grouting process in the future.  

The main findings of this work for cement grouts propagation in two-dimensional fracture net-
works are generally consistent with previous study for single fractures (Zou et al 2018a) and reg-
ular pipe networks (Hässler 1991; Eriksson et al. 2000; Fidelibus and Lenti 2012). Comparing to 
studies on single fractures, the two-dimensional fracture networks contains important geometrical 
heterogeneity of the network and hydraulic aperture structures. Such impact of networks and hy-
draulic aperture structures were studied separately and have presented in Zou et al. (2019b). How-
ever, in reality, the impact of rheological properties and geometrical heterogeneity are combined. 
Global sensitivity studies with consideration of the combined effects of rheological properties and 
geometrical heterogeneity such as fracture surface roughness (e.g. Zou et al. 2015; 2017) are still 
needed to further study cement grouts propagation features in grouting of fractured rocks.         

5 CONCLUSIONS 
In this work, we studied two-phase flow of cement grout with different rheological properties 
propagation in a two-dimensional water-saturated fracture network. The most important conclu-
sions from this study are summarized as follows: 

• The rheological properties of the cement grout, i.e. yield stress and plastic viscosity, signif-
icantly affect the propagation process of cement grout in discrete fracture networks. In practice, 
accurate measurement for rheological properties of the cement grout is necessary for more accu-
rately prediction of grout propagation in fractured rock. 

• The propagation rate gradually reduces when the yield stress increases from 0.5 Pa to 5 Pa.  
The propagation volume fraction at t = 1800 s reduces around 10% and 13 % when yield stress 
increase from 0.5 Pa to 5 Pa.  

• The propagation rate reduces dramatically with the increase of plastic viscosity. When the 
plastic viscosity increases from 0.005 Pa·s to 0.025 Pa·s, the propagation volume fraction at t = 
1800 s reduces 23%, and it further reduces 20% when the plastic viscosity increases from 0.025 
Pa·s to 0.05 Pa·s.  
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