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Abstract 
 
It is essential to understand the properties and behaviour of rock mass, mainly in a 
hydrogeological context as well as various geotechnical applications. However, most of these 
processes occur as bulk fluid flow in the unsaturated zone and single fracture flow becomes 
imperative in understanding these processes, including, the identification of fluid flow 
mechanisms. The research presented in this paper investigates the influence of aperture, in a 
single smooth parallel plate model, on flow mechanisms under conditions of variable 
saturation. Visual experiments illustrate that liquid migration and to a lesser extent flow 
structures, are affected by varying the fracture aperture. The results indicate that the width and 
the smooth joint have a significant effect on the interaction between capillary and 
gravitational forces. Narrow apertures provide more contact between fluid and joint surface, 
thus, favouring capillary forces. In contrast, wider apertures provide less contact area between 
water and surface, favouring gravitational forces.   
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1 Introduction 
 
Improved understanding of variably saturated fracture flow in unsaturated rock masses has 
numerous implications, especially when considering the complexity, heterogeneity and 
anisotropy of the fractured vadose zone.  Specifically, better quantification of groundwater 
flow has application in; permeability assessments for dam foundation rock masses, water 
inflow into deep mines, subsurface tunnels, and large rock cavern (hydro-electric and storage 
facilities, which need to be quantified to create safe operational conditions (Berkowitz, 2002).  
Previous research has illustrated that flow capacity of the fractured media depends on a few 
parameters such as the joint or fracture orientation, joint aperture, type of infill material, and 
continuity (persistence) of the fractures in the direction of flow (Eid, 2007). Moreover, 
aperture is cited as one of the most vital fracture properties governing flow (e.g. Barton and de 
Quadros, 1997; Hakami and Larsson, 1996). 
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The successful application of numerical methods have proved to produce accurate and reliable 
results. This is attainable through extensive simulations of non-equilibrium flow processes 
based on elaborate field data which aid in comprehending and determining pronounced effects 
of heterogeneities including the effects of fractures on flow (Jing, 2003).  Equally important, 
are physical and empirical models, particularly single fracture (SF) experimental studies, 
primarily in the disciplines of hydrology and petroleum engineering.  Though simplified, they 
have provided the basis upon which fracture flow behaviour is understood (Louise, 1951; 
Qian et al., 2005).  Experimental models have generally been used as a basis to develop 
fundamental conceptual models of fracture flow due to the inherent complexities associated 
with rock masses (Lomize, 1951).  Although, SF studies are limited by the number of 
variables permissible to be incorporated into an experimental model, which is normally in 
plane strain (i.e., 2D), noteworthy results have been gathered, providing practical insight on 
fracture flow. Examples of some of these studies include the illustration of scale-dependent 
hydraulic conductivity through experimental single fracture studies (Qian et al., 2007) and 
effects of isolated fractures on flow (Barton et al., 1995).  Furthermore, the adoption of SF 
studies has successfully allowed for the identification of different fluid flow regimes in the 
unsaturated zone including flow regimes arising from two-phase flow systems. Adding to the 
already complex system are the influences of varying joint parameters, in particular – 
aperture, which conditions the fracture flow tortuosity and flow channelling (Hakami and 
Larsson, 1996).  
 
The research presented in this paper aims at assessing the influence of different apertures on 
flow through a discrete, smooth, open, parallel discontinuity.  The aim is achieved through the 
development of an experimental model tested at three different apertures, that of 0.18 mm, 0.5 
mm and 2 mm.  This allowed for the identification of possible flow regimes or flow structures 
associated with the varying aperture’s tested.  The results are anticipated to provide valuable 
insight into more complex experimental models in order to further address the influence of 
fracture properties of variably saturated flow processes. 
 
 
2 Materials and Methods 
 
The model comprises of two rectangular plexiglass plates with dimensions 400 mm x 290 mm 
x 10 mm, as shown in Figure 1, to simulate a discrete, smooth, open, vertical fracture. Due to 
the choice material opted for, the model assumes an impermeable rock matrix, hence, 
excludes effects of matrix imbibition.  Notwithstanding, the transparency of the model allows 
for the visual assessment of flow paths within the fracture.  A water inflow container is placed 
at 1 335 mm from the base of the fracture, with the length of the inlet pipe measuring 1 310 
mm. Food colouring is placed in the inflow tank in order to colour the water. In order to 
simulate the differing fracture apertures, the two plexiglass sheets are separated by plexiglass 
strips, which act as spacers.  The thickness of the spacers dictates the 3 apertures tested, (i.e., 
0.18 mm, 0.5 mm and 2 mm).   
 
Tests are conducted by the introduction of water into an initially dry fracture to gradually wet 
the fracture.  The amount of fluid entering the fracture is controlled manually by means of an 
adjustable valve illustrated in Figure 2.  This is done under constant head conditions, with 
water flowing into the fracture through a 6 mm diameter point source.  In order to control the 
flow rate of fluid into the fracture, the tap was rotated in order to gradually increase the 
amount of fluid flow from 13% at position 1, to 100% at position 8.  The position of the tap 
also served to represent each test that is conducted per experiment (e.g. Position 1 = Test 1) 
for the experiment run.  Each test is summarised in Table 1.  Due to small differences in the 
inflow velocity for the assumed flow percentages for the different test, and in order to 
highlight noticeable differences in the experiments, only the Tests 3, 5 and 8 are discussed.  A 
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grid is placed on the outside of the opposite Plexiglass sheet, facing inwards, so that the 
geometry of the flow mechanisms can be assessed.   
 

 
 

Figure 1.  Experimental set-up. 
 

 

  
 

Figure 2. (A) Valve with 6 mm diameter openings on either side. (B) Top view of the valve 
further illustrating the numbering of the ridges. The rectangular red blocks served as points to 

where the ridge needs to align when opened. 
 

Table 1.  Ridges corresponding to flow rate, Q. 
 

Position on Tap % Flow assumed Test 
1 13 1 
2 25 2 
3 38 3 
4 50 4 
5 63 5 
6 75 6 
7 88 7 
8 100 8 

A B 
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A video camera is placed perpendicular to and approximately 1 m from the fracture, to record 
each experiment.  Each experiment is initiated by commencing recording on the camera. 
Thirty (30) seconds thereafter, the tap on the valve is rotated to each position. Each test was 
concluded once a 2l of fluid had passed through the fracture.  Once the experiment is 
competed the recordings are analysed and snapshots taken.  Each image is annotated by: test 
number; aperture; and time into the test that the snapshot was taken.  Between subsequent 
experiment, the experimental materials were separated and dried. 
 
 
4 Results 
 
4.1 0.18 mm Aperture Fracture  
The results of each test on the experiment containing the 0.18 mm aperture fracture are shown 
in Figure 3, 4 and 5 illustrating fluid flow through the fracture.   At the lowest flow rate (Test 
3), a wide wetting front is seen emerging from the inlet source, moving vertically through the 
centre of the fracture.  Simultaneously, break-away rivulets are observed as fluid flows 
laterally from the inlet. In some instances, localised rivulets breakaway from the main fluid 
pool and creates new isolated pathways.  Similar observations are observed during Test 5 with 
an increase in the flow rate, as shown in Figure 4.  A wide fluid pond bulges out from the 
point source, subsequently forming different sized break-away rivulets with the main neck-
sized rivulet confined to the centre.  Some break-away rivulets travel laterally towards the 
boundary walls of the fracture. At the highest flow rate of Test 8, as shown in Figure 5, these 
lateral break-away rivulets are wider, resulting in an increased percentage of the fracture being 
saturated.   
 

 
 

Figure 3: Water flow movement at 38% flow (Test 3). 
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Figure 4: Water flow movement at 63% flow (Test 5). 
 

 
 

Figure 5: Water flow movement at 100% flow (Test 8). 
  
4.2 0.5 mm Aperture Fracture  
During Test 3, a narrow rivulet emerges from the point source with flow occurring directly 
down the centre of the vertical fracture, as illustrated in Figure 6.  Some minor break-away 
rivulets emerge at the base of the fracture, saturating upwards.  
 

 
 

Figure 6: Water flow movement at 38% flow (Test3). 
 

However, with an increase in the flow rate, a wider plume forms from point source during 
Test 5 and Test 8, with a larger percentage of the fracture saturating and some break-away 
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rivulets observed in unsaturated portions of the fracture.  Faster fluid flow is observable on the 
edge of the plume and along some of the smaller rivulets. In addition, a network of rivulets 
emerges upwards from the base of the fracture.  This occurs as a phreatic surface is created 
due to faster inflow conditions than outflow of fluid at the base of the fracture.  
 

 
Figure 7: Water flow movement at 63% flow (Test5). 

 
Figure 8. Water flow movement at 100% flow (Test8). 

 
 

4.3 2 mm Aperture Fracture  
The experiment conducted at the lowest flow rate (Test 3) on the widest aperture (2 mm) 
show a thinner rivulet emerging, flowing in an abrupt and sinuous manner (Figure 10). 
Throughout this flow rate, the rivulet is unstable, and continues to oscillate in this sinuous 
manner.  Similar flow behavior is also seen in Test 5 (Figure 10) and Test 8 (Figure 11) as the 
flow rate is gradually increased.  Throughout these increased flow rates the thin rivulet 
remains unstable and oscillates aggressively.  
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 Figure 9. Water flow movement at 38% flow at an aperture of 2 mm (Test 3). 
 

 
Figure 10. Water flow movement at 63% flow at an aperture of 2 mm (Test 5). 

 

 
Figure 11. Water flow movement at 100% flow at an aperture of 2 mm (Test 8). 

 
 
5 Analysis 
 
Darcy and Cubic Law equations, e.g. Singhal and Gupta (2010) were used to calculate the 
Linear Flow Velocity as well as the Hydraulic Gradient, K, for each test per model 
experiment.  The results are presented in Figure 12 and 13 respectively.  Quicker water 



8 

outflow is expected through fractures with narrower apertures, as shown in Figure 12. Which 
corresponds to water either filling up the fracture bottom or the fracture centre. Conversely, a 
greater amount of water flow is expected in wider fractures, as shown in Figure 13. 
 
 

 
 

Figure 12.  The change in linear flow velocity with a change in aperture. 
 

  
 

Figure 13.  The influence of aperture (e) on fracture conductivity (Kf). 
 
 
5 Discussion 
 
Narrow aperture experiments (0.18 mm and 0.5 mm) are characterised by plume formation or 
water bulging. In some instances, the narrowest aperture fracture (0.18 mm), is characterised 
by ponding at the base of the fracture, whilst in the less narrow aperture fracture (0.5 mm), 
water flow is confined to break-away rivulets forming from the main plume. Upon an increase 
in flow rate, there is an increase in the percentage of the fracture that is saturated and in each 
experiment water outflow is confined to the position of the plume or rivulet. 
 
In the wider 2 mm aperture experiments, the rivulet travels in a sinuous manner, with the flow 
path/position continuously oscillating. It continues to advance vertically with numerous liquid 
snaps within the fracture. As opposed to the narrower aperture, no break away rivulets emerge 
from the main rivulet.  
 

Aperture 
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The visual experiments mainly illustrate the relationship between capillary, gravity and 
viscous forces which are a function of the fracture surface and aperture. These are consistent 
with the observations of Tokunaga and Wan (1997) as well Sue et al (1999). In this study, the 
aforementioned forces rather influence the liquid flow migration and much lesser the resulting 
flow structures. The plume forming in the narrower apertures is a result of capillary forces 
dominating over gravity forces.  This is due to the availability of a greater surface area which 
translates to a wider portion of the fracture being saturated. Notwithstanding, no liquid snaps 
are seen from rivulets travelling through the fracture, which is suggestive of the rivulets 
supplied by high flow rates as presented by Sue et al (1999).   
 
As the available  surface area is reduced through increase in aperture, capillary forces 
gradually become ineffective and gravity forces begin to dominate, hence the unstable, 
aggressively sinuous flows and numerous rivulets snaps or cessations observed in wider 
aperture fracture experiments under different flow rates.  
 
 
6 Conclusions 
 
The observations presented in this study are limited to an over simplification of natural 
conditions.  Notwithstanding, the results provide further basis for future physical models that 
ultimately seek to investigate unsaturated flow mechanisms and flow regimes. Further 
research needs to investigate the influence of other joint properties in order to ultimately make 
the model more representative of natural fracture conditions.   
 
The visual experiments in this study illustrate that the width and orientation of the smooth 
joint have a significant effect on capillary and gravitational forces. Narrower apertures 
provide more contact between fluid and joint surface, thus, favouring capillary forces. 
Whereas, wider apertures provide less contact area between water and surface, favouring 
gravity forces.  
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