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Abstract

The fluid flow in rock fractures during shear processes has been an important issue in rock me-
chanics. During shearing, because of the stiffer rock matrix, most deformation occurs in the joints,
in the form of normal and shear displacement. Since the joints are rough, deformations will also
change the joint aperture and fluid flow. In this article, the hydraulic apertures of the joints of do-
lomitic limestone foundation of Behesht Abad dam are investigated. Firstly, geological data during
a site investigation phase in dam site is gathered, and then related calculations are done and the
hydraulic conductivity of the joints is evaluated. The results indicate that the hydraulic conductiv-
ity of the joints is reasonable.
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1. Introduction

The fluid flow in a rock mass is usually governed by three factors: the fluid properties, the void geometry and
the fluid pressure at the joint boundary. The void geometry, i.e. the geometry of the volume between the joint
surfaces, is governed by the geological history and can be described by several geometrical parameters, as aper-
ture, frequency distribution, spatial correlation and contact area. These geometrical parameters are related in
various ways to the joint void geometry.

As a consequence of engineering works in rock mass, deformation of both the joints and intact rock will
usually occur as a result of stress changes. Due to the stiffer rock matrix, most deformation occurs in the joints,
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in the form of normal and shear displacement [1] [2]. If the joints are rough, deformations will also change the
joint aperture and fluid flow.

Traditionally, fluid flow through rock joints has been described by the cubic law, which follows the assump-
tion that the joints consist of two smooth, parallel plates. Real rock joints, however, have rough walls and varia-
ble aperture, as well as asperity areas where the two opposing surfaces of the joint walls are in contact with each
other. According to this, apertures can generally be defined as mechanical (geometrically measured such as with
epoxy injection) or hydraulic (measured by analysis of the fluid flow).

The mechanical joint aperture (E) is defined as the average point-to-point distance between two rock joint
surfaces (Figure 1), perpendicular to a selected plane. If the joint surfaces are assumed to be parallel in the x-y
plane, then the aperture can be measured in the z direction. Often, a single, average value is used to define the
aperture, but it is also possible to describe it stochastically. Usually, the mechanical aperture is determined from
a two-dimensional (2-D) joint section, which is a part compound of the real 3-D surface.

The hydraulic aperture (e) can be determined both from laboratory fluid-flow experiments and borehole pump
tests in the field. Fluid flow through rock joints is often represented as laminar flow between two parallel plates.
The equivalent, smooth wall hydraulic aperture (e) can be obtained from flow tests using the modified form of
Darcy’s law.

Fluid flow through a porous medium such as many soils and sedimentary rocks can be described by Darcy’s
law (1-D flow):

Q=KiA 1)

where Q is the volumetric flow per unit area A, normal to the flow. Q is thus related to the dimension less hy-
draulic gradient i, and to the hydraulic conductivity K. The latter is a material property of the fluid and geologi-
cal medium and may be written as

K zkl';g 2)
7]
where k is the intrinsic permeability, g is the acceleration due to gravity (9.81 m/s?), W is the dynamic viscosity
of the fluid (1 x 10~® Ns/m? for pure water at 20°C) and p is the fluid density (998 Kg/m® for pure water at 20°C).
For fluid flow through rock joints, it is common to consider the joint as composed of two smooth parallel
plates and the flow to be steady, single phase, laminar and incompressible. Under these conditions, the hydraulic
joint conductivity (K;) may be written:
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where v is the kinematic viscosity of the fluid (1 x 10™° m?/s for pure water at 20°C) and e is the hydraulic aper-
ture. The hydraulic joint conductivity is a parameter expressing the flow through the joint under the influence of
frictional losses, tortuosity and channeling. These factors depend on the geometry of the flow channels and the
fluid viscosity.

Assuming that Darcy’s law can also be applied to flow in rock joints, setting A = ew, we obtain

= i ®)
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Figure 1. Definition of mechanical joint aperture (E).
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where i is the dimensionless hydraulic gradient and w is the breadth of the flowing zone between the parallel
plates. This equation is usually called the “cubic law”. One must keep in mind that Equation (5) is derived for an
“open” channel, i.e. the planar surfaces remain parallel and are thus not in contact at any point [3] [4], so joint
permeability is completely dependent on joint aperture (because of the third power of joint hydraulic aperture in
cubic law).

The aperture distribution of a joint is only valid at a certain state of rock stress and pore pressure. If the effec-
tive stress or the lateral position between the surfaces changes, as during shearing, the aperture distribution will
also be changed. During shearing, because of the stiffer rock matrix, most deformation occurs in the joints, in
the form of normal and shear displacement. Since the joints are rough, deformations will also change the joint
aperture and fluid flow. By coupling the mechanical aperture changes to the hydraulic conductivity changes, a
hydro-mechanical coupling is achieved.

An important distinction has to be made between the theoretical smooth wall hydraulic aperture (e) and the
real mechanical aperture (E). As shown in (Figure 2), owing to the wall friction and the tortuosity, (E) is gener-
ally larger than (e) during normal loading and unloading, which means that a rough joint requires a larger aper-
ture than a smooth joint for the same water conducting capacity [4] [5].

When Darcy’s law is applied to natural rock joints with rough surfaces, many researchers suggests that a cor-
rection factor has to be used, which accounts for deviations from the ideal conditions assumed in the parallel
smooth plate theory. A study by Zimmerman and Bodvarsson (1996) concluded that the hydraulic aperture was
less than the mechanical aperture by a factor that depended on the ratio of the mean value of the aperture to its
standard deviation. Results by Hakami (1995) showed that the ratio between mechanical mean aperture (E) and
hydraulic aperture (e) was 1.1 - 1.7 for joints with a mean aperture of 100 - 500 pum [4].

2. Methods and Calculations

On the basis of experimental data (Figure 2), Barton proposed the following exponential function, relating the
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Figure 2. Comparison of real mechanical apertures (E) with theoretical smooth wall conducting apertures (e). The mismatch
is caused by flow losses due to tortuosity and surface roughness [4] [5].
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hydraulic aperture (e) to the mechanical aperture (E) and JRC.
E2
" JRC?

This empirical formula gives the hydraulic aperture (to be used in cubic law) as a function of the mechanical
aperture and joint roughness coefficient JRC. The JRC coefficient describes the peak roughness of correlated,
mated surfaces, and can be estimated either by correctly designed tilt, push or pull tests on jointed rock samples or
by visual comparison of measured roughness profiles from the joint surface with a standard profiles [4] [5].

One should note that this equation is only valid for E > e. The background data mainly comes from normal de-
formation fluid flow tests. Just a few cases come from shear deformation fluid flow tests. There is a clear trend
following an exponential function. The curves illustrated in (Figure 3), show the predicted relation between (E/e)
and hydraulic aperture (e) for different values of JRC, according to Equation (6).

The latter shear-flow coupling tests have a consistent trend with Barton’s model prediction during the ini-
tial shear process. The shear testing results revealed that the change of hydraulic conductivity is approx-
imately similar to that of the dilatancy of a joint. The hydraulic conductivity increases rapidly, by about 1.2 -
1.6 orders of magnitude for the first phase of shear displacement. After passing the residual shear stress, the
hydraulic conductivity becomes gradually a constant value with increasing shear displacement. However,
increasing deviation between measured and predicted hydraulic conductivity of rock joint samples has been
observed with increasing shear displacement [6]-[8]. So the model was obviously slightly objective, and
therefore only an approximate method. During shearing, this regular exponential behavior appears to break
down. Under an increasing shear displacement the joint dilates and both the hydraulic and the mechanical
aperture increase [9] [10].

Until Olsson and Barton (2001) proposed an improved model on the basis of the performed hydro-me-
chanical shear tests. It is an empirical engineering model and not a theoretical scientific model. As shear
tests on rough rock joints are composed of at least two major parts, pre peak-peak and post-peak, depends on
shear displacement. The model considers these two basic phases. In the first phase, where the joint wall
roughness is not destroyed, the peak JRC. should be used in Equation and hydraulic aperture (e) can be
calculated by Equation (7) up to 0.75 peak shear displacement (ds < 0.756p)

e
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Figure 3. An empirical relation incorporating JRC and aperture which satisfies
the trends exhibited by available flow data [4].
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In the second phase, where the geometry of the joint walls is changing with increasing shear displacement,
the JRCop (mobilized value of JRC) should be used. Hydraulic aperture (e) can be calculated by Equation (8)
for ds > dsp (peak shear displacement)

e=vJE-JRC,,, 8)

During this phase, gouge is being produced but as the joint is dilating, some of the gouge is probably
flushed to the sides of developing flow channels. Based on normal loading/unloading, during increased
normal stress, the hydraulic aperture (e) decreases, which causes an increase in E/e due to tortuosity. In
shear behavior, during the first part of each plotted shear path in (Figure 4), the E/e ratio is first slightly de-
creasing and thereafter increasing.

This initial part in this figure belongs to the pre peak-peak shear displacement. When the asperities along
the joint walls are not destroyed and the hydraulic aperture is probably decreasing due to shear-related clos-
ing of small voids. Thereafter the geometry of the joint walls is in a changing phase (breakdown) where the
asperities get worn and damaged under the increasing shear deformation. The size of roughness decrease in
JRCop depends on the strength of the asperities, on the applied normal load and on the shear deformation.
Furthermore new flow paths open and others close due to the increasing areas of contact between the joint
walls and due to gouge production. The gouge production will probably decrease the hydraulic aperture. So,
the increase in E/e during shearing depends not on the same phenomena as during normal loading and un-
loading [4].

The intermediate phase, between phase one and two (Js = 0.75ds, — Jsp) is difficult to define with any
model and it is recommended for the present that the two phases are connected with each other by a transi-
tion curve [4].

During the following years, a number of shear-flow coupling tests were carried out on kinds of rock frac-
tures to evaluate the effects of contact area, surface roughness and stress dependence on the behavior of fluid
flow through rock fractures and more researches are necessary to make more quantitative assessments [11]
[12].
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3. Case Study

Hydro-mechanical shear tests have shown widely used constitutive models that are very significant in rock me-
chanics and vyields results that are most suitable for normal loading and unloading and for shear with limited
damage or gouge production. So, for calculating conductivity changes of rock joints during shearing, one has
first to assume the initial JRC value and the initial mechanical aperture. Thereafter, one has to calculate the
changes of the mechanical aperture and JRC,,, during shearing. These parameters should then be used in Equa-
tions (7)-(8) to calculate the changes of the hydraulic aperture during shearing. Therefore, it is possible to calcu-
late the hydraulic conductivity (K;) of each joint set.

For calculating the amounts of hydraulic aperture of the joints of Behesht Abad dam foundation, 5 direct
shear tests done along the dolomitic limestone joints of foundation under different normal stresses, were se-
lected.

In site investigation phase, the initial mechanical aperture of the joints of dam foundation, was measured 1 - 2
mm, so E, =2 mm was selected and related calculations were done and the hydraulic conductivity of each
joint set was evaluated. Joints which were found in field are studied to make sure that the joints are not just on
the surface and their traces are seen on the check holes. The results of calculating the mechanical and hydraulic
apertures and hydraulic conductivity of each joint set are summarized in (Table 1).

The results show that with increasing normal stress on the joints, the mechanical aperture of joints decreases.
Consequently hydraulic aperture and finally hydraulic conductivity reduce too. Based on this, it's concluded that
with increasing depth, the apertures decrease and as a result, hydraulic conductivity reduces. (Figure 5) illu-
strates the changes of joints mechanical aperture versus the changes of normal stress in shear tests along the
joints of dam foundation.

4. Conclusions

A fully coupled mechanical-hydraulic analysis is considered, in which fracture conductivity is dependent on
normal and shear displacement. In a rock mass because of the stiffer rock matrix, mechanical deformations will
mainly occur as normal and shear deformations in the joints. This deformation will change the joint aperture and
the hydraulic conductivity of the joints.

Table 1. The results of calculating the mechanical and hydraulic apertures and hydraulic conductivity of each joint set.

No. JRC, JRCob Normal stress (MPa) Eo (mm) E (mm) e (mm) K;j (m/s)
3.06 2 2.080 0.364 0.1088
1 8-10 6-8 6.12 2 2.063 0.363 0.1079
9.18 2 2.050 0.362 0.1072
3.06 2 2.063 0.363 0.1079
2 8-10 4-6 5.1 2 2.050 0.362 0.1072
7.14 2 2.044 0.271 0.0601
0.71 2 2.195 0.562 0.258
3 12-14 10-12 143 2 2.163 0.558 0.254
2.04 2 2.146 0.555 0.203
3.06 2 2.127 0.553 0.25
4 12-14 10-12 6.12 2 2.095 0.549 0.246
9.18 2 2.077 0.546 0.244
2.35 2 2.139 0.554 0.251
5 12-14 10-12 4.79 2 2.107 0.550 0.248
7.14 2 2.088 0.548 0.24
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Figure 5. The changes of joint mechanical aperture versus the
changes of normal stress in direct shear tests along the joints.

For calculating the conductivity changes of rock joints of Behesht Abad dam foundation during shearing, first
the initial JRC and the initial mechanical aperture are measured. Thereafter, the changes of the mechanical
aperture and JRC,,q, during shearing are calculated and related calculations are done. Then, the amounts of hy-
draulic aperture and hydraulic conductivity of the joints are evaluated and the results indicate that the hydraulic
conductivity of the joints is reasonable.
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