
ABSTRACT: This study introduces a new hydromechanical model to estimate both shear and 
nonlinear flow behaviours of a single rock fracture, taking into account the effects of fracture surface 
morphology on the fracture flow behaviours. The model incorporates a multi-scale roughness shear 
constitutive model that considers the adhesion and abrasion wear theories to predict the shear 
behaviours of a fracture due to shear deformations. The fracture permeability is estimated using the 
Forchheimer-based equation, which accounts for the combined effects of the fracture void spaces, 
aperture distributions, and fluid flow tortuosity. Laboratory shear-flow experiments under different 
hydraulic pressures and normal loading conditions are conducted to validate the proposed model. 
The model is in good agreement with experimental data and can be applied to sheared aquifers. 

Keywords: Shear-flow model, single fracture, surface roughness, multi-scale roughness, nonlinear 
flow. 

1 INTRODUCTION 

Fluid flow through rock fracture is a crucial issue in seepage-related engineering projects and has 
been extensively studied over a few decades (Olsson and Barton, 2001, Xiong et al., 2011, Rong et 
al., 2018, Wang et al., 2020). One of the simplest conceptual models to estimate fracture permeability 
is the cubic law, which assumes that the fracture consists of two smooth and parallel plates. This 
model is valid for low flow rate conditions and states that the fracture flow rate is proportional to the 
cube of the fracture aperture, as proposed by Witherspoon et al. (1980).  

In a shear process, the evolutions of fracture surface morphology result in the occurrence of 
nonlinear flow. Experimental observations show that the linear cubic law deviates from the nonlinear 
flow behaviours with increasing applied water pressures and inhomogeneity of surface geometries 
(Rong et al., 2018). However, only a few models have been developed to estimate shear-flow 
behaviours of a fracture. Olsson and Barton (2001) estimated shear behaviour using the Barton-
Bandis shear model and hydraulic behaviour using modified cubic law. Later, Rong et al. (2018) 
extended this model to solve the nonlinear fracture flow by a Forchheimer-based equation. However, 
determining a unique JRC value on an irregular fracture is difficult. Besides, a single JRC or JRCmob 
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cannot explain the influences of complex surface morphology, e.g., various aperture, contact 
distributions, and flow tortuosity, on fracture flow behaviours. Xiong et al. (2011) developed a flow 
model to predict the fracture hydraulic properties during shearing. They proposed an empirical 
equation between mechanical aperture 𝑒𝑒𝑚𝑚 and hydraulic aperture 𝑒𝑒ℎ by considering the mean and 
standard deviations of the local apertures, which were estimated by a fracture void space model. 
However, the fluid flow governing equation is the cubic law, which has limitations in solving 
nonlinear fracture flow problems.  

To address these limitations, this study proposes a new step-wise hydromechanical model 
consisting of a mechanical unit, a fracture void space model, and a hydraulic unit. The model employs 
a multi-scale roughness shear constitutive model to estimate the shear mechanical behaviours of the 
fracture. The fracture void space model is used to determine aperture distribution, relative roughness, 
fluid flow tortuosity, and fracture surface tortuosity. These parameters are then incorporated into the 
Forchheimer-based equation to predict the fracture discharge. Laboratory shear-flow tests are 
conducted under normal stress to verify the proposed model. The results of the tests demonstrate a 
strong agreement between the proposed model and experimental data. 

2 EXPERIMENTAL PROCESS AND MODEL DEVELOPMENT 

2.1 Experimental process 

 
Figure 1. Schematic of the shear-flow test devices. 

An artificial fracture S1 (JRC=8-10 visually measured) was created by splitting an intact Gosford 
sandstone at the mid-height. The fracture specimens were replicas of S1 and were made of water and 
Epirez Class A Superstrength Grout in a weight ratio of 0.2 (uniaxial compressive strength of a fully 
saturated specimen UCS 29MPa, basic friction angle 𝜙𝜙𝑏𝑏 28o). The upper fracture had a length (L),and 
width (w), and height 100mm*100mm*50mm, while the lower fracture was extended by 13 mm in 
length. The fracture was placed in the shear boxes without any initial shearing. During the tests, the 
upper shear box moved vertically, and simultaneously, the lower shear box moved horizontally at a 
constant shear rate of 5mm/min. Normal displacements of the specimens were measured by four 
linear variable differential transducers (LDVTs) (as shown in Figure 1). The shear and normal loads 
and shear and normal displacements are recorded automatically by the loggers. A high-water pressure 
pump continuously supplied water with constant water pressure into the fracture, and the inlet water 
pressure was recorded by a pressure transducer. The fracture discharge over the fracture was 
collected through six interconnected drill holes. A pressure transducer measured the outlet water 
pressure and was used to estimate the fracture differential pressure. A silicon rubber gasket and two 
soft and elastic rubber were used to prevent water leakages from the specimens. In all the shear-flow 
tests, the outlet water pressures were closed to zero (Wang et al., 2020), indicating good sealing 
performance of the shear-flow testing system.  
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2.2 Model implementation 

A schematic of the proposed hydromechanical model implementation is presented in Figure 2, 
including three calculation stages: mechanical, fracture void space, and hydraulic calculations. Shear 
stresses and shear deformations are updated at each incremental shear displacement (𝑑𝑑𝑢𝑢𝑠𝑠 ), and 
normal displacement is utilised in the fracture void space model to estimate the aperture distribution 
and relative surface roughness parameters. The fracture discharge is predicted at the end of each 
calculation circle by the Forchheimer equation.  

 

Figure 2. Solution framework of hydromechanical model implementation. 

2.2.1 Shear mechanical model 

The shear behaviours of a fracture are estimated by a multi-scale roughness continuously yielding 
constitutive model proposed by Gao et al. (2023). The fracture surface roughness of S1 is quantified 
by two laboratory-scale roughness: laboratory-scale waviness and unevenness (the laboratory-scale 
waviness is 77.63 mm in wavelength (𝜆𝜆𝑝𝑝) and 7.39° in inclination angle (𝑎𝑎𝑝𝑝), and unevenness is 6.34 
mm in wavelength (𝜆𝜆𝑠𝑠) and 14.38° in inclination angle(𝑎𝑎𝑠𝑠)). Shear stress is estimated by separating 
the asperity shearing from the basic friction sliding component, which is supported by strong 
theoretical foundations. The elastic and pre-peak softening stages are predicted using Eq. (1), while 
Eq. (2) describes the post-peak softening behaviour. The reduction of shear strength due to the 
degradation of surface asperity is modelled using the adhesion and abrasion wear theories (details 
are presented in Gao et al. (2023)). 

 𝜏𝜏𝑖𝑖 = 𝜏𝜏𝑖𝑖−1 + �𝐹𝐹𝑖𝑖 ∗ 𝑘𝑘𝑠𝑠 ∗ 𝑑𝑑𝑢𝑢𝑠𝑠 (1) 

 𝜏𝜏 = 𝜎𝜎𝑛𝑛tan(𝜓𝜓𝑚𝑚𝑚𝑚𝑚𝑚 + 𝜙𝜙𝑏𝑏) + 𝜎𝜎𝑛𝑛
𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚

1 − tan(𝜓𝜓𝑚𝑚𝑚𝑚𝑚𝑚)tan(𝜙𝜙𝑏𝑏) (2) 

where 𝜏𝜏𝑖𝑖 and 𝜏𝜏𝑖𝑖−1 are the shear stresses at 𝑖𝑖 th and 𝑖𝑖 − 1th time-step, 𝐹𝐹𝑖𝑖 is the reduction factor, 𝑘𝑘𝑠𝑠 is 
the shear stiffness, 𝜎𝜎𝑛𝑛  is normal stress, 𝜓𝜓𝑚𝑚𝑚𝑚𝑚𝑚  and 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚  are the mobilised dilation and asperity 
shearing components. 

2.2.2 Fracture void space model 

The mechanical aperture during shear is calculated by Eq. (3) (Esaki et al., 1999). Under constant 
normal loading conditions, 𝑑𝑑𝑛𝑛 is equal to zero, and 𝑑𝑑𝑠𝑠 is estimated by the shear constitutive model 
(section 2.2.1). The initial mechanical aperture 𝑒𝑒𝑜𝑜 is assumed to be equal to initial hydraulic aperture, 
which is obtained by back analysing the shear-flow data (Xiong et al., 2011). 

 𝑒𝑒𝑚𝑚 = 𝑒𝑒𝑜𝑜 − 𝑑𝑑𝑛𝑛 + 𝑑𝑑𝑠𝑠 (3) 
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The evolution of the fracture void space evolution is computed at each 𝑢𝑢𝑠𝑠 by fixing the lower fracture 
and moving the upper fracture horizontally (with 𝑢𝑢𝑠𝑠) and vertically (with 𝑑𝑑𝑠𝑠). The local aperture is 
measured as the distance between the upper and lower surface at each point (𝑥𝑥𝑖𝑖, 𝑦𝑦𝑖𝑖), and the contact 
is when the local aperture is less or equal to zero (Xiong et al., 2011). As the fracture flow behaviour 
is associated with various local-scale apertures (Xiong et al., 2011), 𝑒𝑒ℎ is estimated by incorporating 
the standard deviation (𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎) and mean (〈𝑒𝑒𝑚𝑚〉) of the aperture using Xiong’s empirical equation.  

2.2.3 Forchheimer Coefficients 

The Forchheimer equation (Eq. 4) depicts the nonlinear fracture flow, where A and B are the linear 
and nonlinear coefficients, respectively.  

 −∇𝑃𝑃 = 𝐴𝐴𝐴𝐴 + 𝐵𝐵𝑄𝑄2 = 12
𝜇𝜇
𝑒𝑒ℎ3𝑤𝑤

𝑄𝑄 + 𝑏𝑏𝐷𝐷
𝜌𝜌

𝑒𝑒ℎ3𝑤𝑤2 𝑄𝑄
2 (4) 

where ρ is water density, 𝜇𝜇 dynamic viscosity, and 𝑏𝑏𝐷𝐷 is a dimensionless nonlinear factor. 
The presents of fracture-inherent asperities and inhomogeneous obstructions (contacts or gouge 

particles) enhance the inertia effect of the fluid flow, deviating the fluid flow from linearity. Three 
parameters: a relative roughness (𝜉𝜉/𝐷𝐷ℎ), flow tortuosity (𝜗𝜗), and joint surface tortuosity (𝑇𝑇𝑠𝑠) are 
introduced into 𝑏𝑏𝐷𝐷(see Eq. (5)) to explain the impacts of surface roughness on fluid flow behaviours. 
These parameters are obtained from the fracture void space model.   

 𝑏𝑏𝐷𝐷 =
1

11
∗ �𝑙𝑙𝑙𝑙𝑙𝑙 �

𝜉𝜉
2𝑒𝑒ℎ

��
−2

∗ 𝑇𝑇𝑠𝑠2 ∗ 𝜗𝜗2  (5) 

Several previous studies (Chen et al., 2015) applied 𝑙𝑙𝑙𝑙𝑙𝑙(𝜉𝜉/2𝑒𝑒ℎ) (𝜉𝜉, peak asperity height) to 𝑏𝑏𝐷𝐷, as 
the peak asperities control both mechanical and hydraulic behaviours of a fracture. To further 
consider the impacts of surface roughness and fluid flow tortuosity on fracture flow behaviours, 𝑇𝑇𝑠𝑠 
and 𝜗𝜗 are introduced into 𝑏𝑏𝐷𝐷. 𝑇𝑇𝑠𝑠 is the fracture tortuosity and is written as Eq. (6), and 𝜗𝜗 is tortuosity 
and is written as Eq. (7), according to Xiao et al, (2013). 

 𝑇𝑇𝑠𝑠𝑚𝑚 =
∆𝑥𝑥∆𝑦𝑦
𝑤𝑤𝑤𝑤

� � �1 + �
𝑧𝑧𝑥𝑥𝑖𝑖+1,𝑦𝑦𝑗𝑗 − 𝑧𝑧𝑥𝑥𝑖𝑖,𝑦𝑦𝑗𝑗  

∆𝑥𝑥
�
2

+ �
𝑧𝑧𝑥𝑥𝑖𝑖,𝑦𝑦𝑗𝑗+1 − 𝑧𝑧𝑥𝑥𝑖𝑖,𝑦𝑦𝑗𝑗  

∆𝑦𝑦
�
2

 

𝑁𝑁𝑦𝑦−1

𝑦𝑦𝑗𝑗=1

𝑁𝑁𝑥𝑥−1

𝑥𝑥𝑖𝑖=1

 (6) 

where 𝑁𝑁𝑥𝑥 and 𝑁𝑁𝑦𝑦 are the number of points along the x and y directions (y is the shear direction, x is 
fracture width), ∆𝑥𝑥  and ∆𝑦𝑦 are 0.2 mm. 𝑧𝑧𝑥𝑥𝑖𝑖,𝑦𝑦𝑗𝑗 , 𝑧𝑧𝑥𝑥𝑖𝑖+1,𝑦𝑦𝑗𝑗  and 𝑧𝑧𝑥𝑥𝑖𝑖,𝑦𝑦𝑗𝑗+1  are the asperity height at point 
(𝑥𝑥𝑖𝑖,𝑦𝑦𝑗𝑗), (𝑥𝑥𝑖𝑖+1,𝑦𝑦𝑗𝑗) and (𝑥𝑥𝑖𝑖,𝑦𝑦𝑗𝑗+1). 𝑚𝑚 is either u or l, indicating the upper or lower fracture surface. 𝑇𝑇𝑠𝑠 
is the average value of the upper and lower surface. 

 
𝜗𝜗𝑘𝑘 =

∑ �(∆𝑦𝑦) + �𝑒𝑒𝑥𝑥𝑖𝑖,𝑦𝑦𝑗𝑗+1 − 𝑒𝑒𝑥𝑥𝑖𝑖,𝑦𝑦𝑗𝑗�
2

 𝑁𝑁𝑦𝑦−1
𝑦𝑦𝑗𝑗=1

L
 

(7) 

where k is kth flow path, N is the total number of selected flow paths. 𝑒𝑒𝑥𝑥𝑖𝑖,𝑦𝑦𝑗𝑗+1and 𝑒𝑒𝑥𝑥𝑖𝑖,𝑦𝑦𝑗𝑗 are the local 
mechanical apertures at points 𝑧𝑧𝑥𝑥𝑖𝑖,𝑦𝑦𝑗𝑗 and 𝑧𝑧𝑥𝑥𝑖𝑖,𝑦𝑦𝑗𝑗+1 
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3 MODEL PERFORMANCE AND VERIFICANTION  

 
Figure 3. Comparison between the model simulation and measured (a) 𝜏𝜏 − 𝑢𝑢𝑠𝑠, (b) 𝑑𝑑𝑠𝑠 − 𝑢𝑢𝑠𝑠 of S1. 

Figure 3 shows a comparison between the experimental and modelled shear behaviours at constant 
normal stresses of 1MPa. The shear stress rapidly rises until it reaches a peak value. After the peak, 
the shear stress gradually reduces due to the asperity wearing and shearing processes. Good 
agreement between the experimental results and model simulations has been presented with an 
average error of 15.8% for 𝜏𝜏 − 𝑢𝑢𝑠𝑠 and 8.29% for 𝑢𝑢𝑠𝑠 − 𝑑𝑑𝑠𝑠  . However, a discrepancy between the 
experimental results and model simulations at the peak may be because of the early breakages of the 
critical asperities. In 𝑢𝑢𝑠𝑠 − 𝑑𝑑𝑠𝑠 behaviours, the dilation increases with a gradually decreasing dilation 
gradient. The discrepancy between the proposed model and the experimental results in the initial 
gradient of 𝑢𝑢𝑠𝑠 − 𝑑𝑑𝑠𝑠 plot is attributed to the sudden failure of joint asperities, which is not considered 
in the model.  

Good agreements between the prediction and back-calculated 𝑒𝑒ℎ and Forchheimer's coefficients 
shown in Figure 4 (a) to (c) illustrate that Eqs. (4) and (5) can well describe the hydraulic behaviours 
of a fracture in a shear process. However, it is important to note that using different best-fit methods 
can lead to discrepancies between measured and simulated A and B. 

To further validate the performance of the Forchheimer-based model, it is necessary to compare 
the measured and simulated flow discharges at 𝜎𝜎𝑛𝑛= 1 MPa, as illustrated in Figure 4 (d). An average 
error of 10.88% indicates that the model can accurately capture the fracture hydraulic behaviours. It 
is important to note that this level of error is within an acceptable range for hydraulic models in 
nonlinear flow situations; thus, the model is a reliable tool for predicting the fracture flow rate.  

4 CONCLUSION  

This study proposes a novel hydromechanical model that comprises a multi-scale roughness shear 
model, a fracture void space model, and a Forchheimer-based flow model to describe the mechanical 
and hydraulic behaviours of a single fracture during shearing. The model estimates fracture shear 
behaviours using a wear theory-based approach in the shear model. Fracture void space evolutions 
are simulated in the fracture void space model and are then incorporated into the Forchheimer-based 
flow model. The apertures of the fracture are characterised by the mean and standard deviations of 
the local apertures. To consider the nonlinear flow behaviour induced by the fracture surface 
geometries, three parameters (𝜉𝜉/𝑒𝑒ℎ , 𝜗𝜗, and 𝑇𝑇𝑠𝑠) are introduced into B. The model was validated 
through a series of shear-flow laboratory tests, conducted under injection water pressures ranging 
from 5 to 60 kPa and constant normal stresses of 1MPa. The prediction fracture discharges agree 
with the experimental measurements, which indicates that the model can accurately capture the 
hydromechanical behaviour of a single fracture. 
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Figure 4. Comparison between the modelled and measured (a)𝑒𝑒ℎ − 𝑢𝑢𝑠𝑠, (b) 𝐴𝐴 − 𝑢𝑢𝑠𝑠, (c) 𝐵𝐵 − 𝑢𝑢𝑠𝑠, (d) 𝑄𝑄 of S1.  
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