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Laboratory experiments on fluid flow through fracture are important in solving the fluid-in-rush problems that happen during the
tunnel excavation. In order to study themechanism of fluid flow through a rough-walled microfracture, fluid flow experiments were
carried out and the fiber Bragg grating (FBG) strain sensors were applied to monitor the deformation of the microfracture surface
during the seepage process. Considering the difficulty of collection of undisturbed rock samples from the deep locations, a
methodology to simulate fluid flow through a fractured rock mass using analog materials containing a single fracture was
developed. This method is easy to simulate the fluid flow through a fracture of certain aperture. Experimental data showed that
Forchheimer equation could provide an excellent description of the nonlinear relationship between hydraulic gradient and flow
velocity, and the variations of Forchheimer coefficients with joint roughness coefficient (JRC) were studied. It was found that the
deformation of the microfracture surface subjected to seepage could be accurately captured by the quasi-distributed FBG strain
sensors. The test results also demonstrated that the surface strain is significantly affected by hydraulic pressure.

1. Introduction

The coupling effect of stress-seepage in fractured rock mass
has played an increasingly important role in the geotechnical
engineering activities, such as for construction of dam foun-
dations, ore mineral extraction, water inrush prevention,
and grouting activities [1–6]. Single fracture is the basic unit
of rock mass fracture network, and its hydraulic characteris-
tics affect the seepage law of rock mass [7–9]. To investigate
this phenomenon, a number of theoretical models had been
proposed, in which the cubic law is most popular. The cubic
law considers that the fracture is composed of two ideal
smooth, straight parallel plates. The flow of water in the frac-
ture is a linear flow; therefore, the cubic law can be expressed
as follows:

Q = g
v
we3
12 J , ð1Þ

where Q is the volumetric flow rate, g is the gravitational
acceleration, v is the kinematic viscosity, e is the hydraulic
aperture of fracture, w is the fracture width, and J is the
hydraulic pressure gradient along the flow direction.

In practice, rock fracture in realistic situations has very
complicated geometric characteristics and obviously deviated
from a parallel-plate model [10]. It has been found by
researchers that fluid flow behavior through a rock mass is
affected by many factors, such as the fracture geometry
(width, density, aperture, orientation), fracture surface irreg-
ularities (roughness), fracture in-filling materials, fluid pres-
sure, and confining pressure [11–14].

Many efforts have been made by earlier researchers to
study the effect of roughness on fluid flow behavior through
a rock mass described in the following. In the aspect of
roughness, Barton and Quadros [15] conceptualized the rela-
tive roughness, which is defined as the function of the ratio
between the maximum and minimum surface asperity
height. Mandelbrot and Wheeler [16] proposed the concept
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Table 1: Physical properties of specimen.

Density
(kg/m3)

Compressive
strength(MPa)

Modulus of
elasticity(MPa)

Poisson’s
ratio

1973 22.83 18,940 0.24
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of fractal geometry and fractal dimension, and analyzed the
self-similarity of the rock fracture. Barton and Choubey
[17] defined JRC and obtained 10 types of typical curves
where JRC range from 0-2, 2-4, etc. up to 18-20 from the
many rock joint measurements. Xie and Pariseau [18] estab-
lished the relationship between joint roughness and fractal
dimension by the application of statistical methods. Further-
more, they found fractal dimension was significantly corre-
lated with the value of JRC and established an expression
between fractal dimension and JRC: Barton et al. [19] intro-
duced JRC into the cubic law equation, which is simpler
and quicker to obtain in the field and laboratory.

Experimental results of seepage tests conducted by Singh
et al. [20] on single fractured granite specimens under triaxial
stress conditions have shown that the fluid flow through sin-
gle fracture in granite accords with Darcy’s law or cubic law
at high confining pressure and water pressure. However, fluid
flow properties may not be modelled using cubic law because
of the rough and irregular of fracture making contact with
each other at discrete points could lead to the development
of nonlinear flow. Sedghi-Asl et al. [21] studied the percola-
tion behavior of six different sizes of rounded aggregates
and reported that the flow deviates from Darcy conditions
and enters into nonlinear flow conditions due to the
increase of flow velocity and Reynolds number. Wang and
Park [22] found the effects of stress and failure modes on
axial permeability of five kinds of sandstone by triaxial
compression tests and revealed that there is permeability
reduction in the process of transition from brittle failure
to plastic flow failure. Chen et al. [23] conducted a series of
seepage tests for single fractured specimens under different
confining stresses and established a quantitative relationship
between fracture geometric characteristics parameters and
fracture permeability.

However, most quantitative studies on stress-seepage
coupling mechanism of single fractured rock mass focused
on obtaining the seepage quantities or volumetric flow rate
to analysis the seepage characteristics, not monitoring the
deformation of the fracture during the seepage process due
to the lack of suitable sensors. The traditional monitoring
method is to use the resistance electronic sensor. However,
the long-term stability of resistance electronic sensor is poor
and it is difficult to achieve high accuracy measurement for
the seepage pressure in fractured rock mass.

In recent years, a series of fiber optic sensing technologies
have been developed rapidly, among which FBG sensing
technology has made great progress in pressure, strain, and
temperature monitoring. Compared with traditional sensors,
FBG sensors have shown obvious advantages, such as their
good insulation property, strong immunity to electromag-
netic interference, good linearity and repeatability, high sen-
sitivity and accuracy, excellent distributed monitoring ability,
and long-term corrosion resistance; they are also small in size
and lightweight. Zhu et al. [24] designed a slope monitoring
system based on FBG sensing technology to monitor the dis-
placement of slope and strains along soil nails. Huang et al.
[25] carried out an experimental study on optical FBG
sensing-based highway slope monitoring. In their study, a
piezometer system had been developed using the optical
FBG sensors and the monitoring data could evaluate the
slope stability.

The article is aimed at solving the problems above-
mentioned using experimental methods, in order to better
describe the seepage and deformation characteristics of
rough-walled microfractures subjected to different confining
and hydraulic stresses. With this idea, fluid flow experiments
were conducted out on samples containing “single rough-
walled microfracture.” The aperture was 0.1mm, and the
three JRC values were 0~2, 4~6, and 10~12. The experiments
were conducted under varied conditions of confining pres-
sure (4-10MPa), with hydraulic pressure varied from 1 to
8MPa. In addition, FBG sensors were fixed to the fracture
surfaces of all the samples to characterize the fracture
deformation quantitatively during the seepage process.
Based on the experimental results, the nonlinear flow char-
acteristics of samples with three different roughnesses were
quantitatively evaluated. Further, the relationship between
the variations of measured strain and the confining pressure
(hydraulic pressure) was investigated.

2. Experimental Methodology

2.1. Sample Preparation. In this study, the specimens were
made of cement, sand, gypsum, and water with a solid/water
ratio of 5:1. The content of cement, sand, and gypsum by
mass of solid was 20%, 70%, and 10%, respectively. The
dimension of seepage specimen was 100 × 100 × 300mm,
and the physical parameters are shown in Table 1.

The fracture surface was in the centre of the specimens,
and steps were divided into two parts: preparation of core
specimens and seepage specimens. The procedures were
described below.

(1) Preparation of Core Specimens. Assembled the mould; the
rough surface of the mould was used to generate the fracture
surface; poured the materials into the mould to prepare core
specimens, as shown in Figure 1.

(2) Installation of FBG Sensors. A fiber optic sensing array
was adopted to monitor the strains of the fracture surface
during seepage. The layout of the FBG sensors is shown in
Figure 2(a). Table 2 shows the typical measuring parameters
of the FBG sensing technology. The sensing array consists of
a single-mode optical fiber containing five FBG sensors con-
nected in a series, which was scanned by sm130 FBG demod-
ulator controlled by a computer. During the installation, all of
the sensors were carefully fixed at the prescribed location, as
shown in Figure 2(b).

(3) Preparation of Seepage Specimens. After the sensors
installed, the core specimens were combined. To create a
fracture of a certain aperture, stainless steel belt of 0.1mm
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Figure 1: Preparation of core specimens: (a) core specimen mould,
(b) rough surface mould, and (c) rough surface specimens.
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Figure 2: Details of the FBG sensors in the core specimen: (a) layout
of the FBG strain sensing sensors and (b) installation of FBG
sensors.

Table 2: Typical parameters of the FBG technology.

Wavelength
range (nm)

Wavelength
repeatability (pm)

Scan frequency
(Hz)

Strain
range (με)

1510-1590 1 1000
-3000-
3000

0.1 mm
stainless steel belt

Figure 3: Combination of the core specimens.
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thickness is used, as shown in Figure 3. Afterwards, put
the specimens into mould and pour the materials to make
seepage specimens, as shown in Figure 4. After 24 hours of
maintenance, remove the mould and pull out the stainless
steel belt.
2.2. Experimental Instruments and Procedures. The fluid flow
characteristic of the seepage sample containing a single frac-
ture was determined using a triaxial stress-seepage mecha-
nism model test system in the test, as shown in Figure 5. It
consists of the triaxial high-pressure system (≤60MPa), the
servocontrolled axial and circumferential loading system,
the hydraulic system (≤30MPa), the computer system (mon-
itoring system), and other components. Besides, the sm130
fiber grating sensing demodulator produced by the Micron
Optics Company was used to collect the strain on the surface
of the fracture during the seepage process. The strain values
of different measuring points are real-time displayed in the
computer system. The test procedures are described below
(Figure 6(a)), and the test loading scheme is showed in
Figure 6(b).

To prevent water from leaking from the fracture to rock
matrix during seepage test, each specimen was firstly soaked
in distilled water until saturation. Afterwards, the saturated
sample was taken out and put it into the seepage trial cell.
After the test equipment system debugging, the trial cell
was loaded with the initial axial pressure of 0.5MPa to pre-
vent any undesirable displacements of the specimen. The
sequence of load applied to the sample is as follows. First,
the axial force is applied to the predetermined load
(10MPa) and the trial cell was filled with hydraulic oil and
settled with the initial confining stress of 4MPa. Second,
seepage pressure is applied by the hydraulic system until
the initial seepage stress is 1MPa. Then, the confining stress
increases with an increment of 1MPa in the range from
4MPa to 10MPa. Finally, the seepage stress increases with
an increment of 1MPa in the range from 1MPa to 8MPa.
Besides, the amount of water flowing from the outlet (dis-
charge, Q) was collected in a container. The container was



(a)

(b)

Figure 4: Preparation of seepage specimens: (a) seepage specimen
mould and (b) seepage specimen.

Figure 5: Test equipment system.
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placed over an electronic balance of 1200 g capacity. During
the seepage test, the fracture surface strain and the discharge
Q were recorded at every 3 s interval.

3. Results and Discussion

3.1. Nonlinear Flow Characteristics under Different JRC.
Experimental results of the samples have been analyzed,
and the curves in the form of the hydraulic pressure P versus
the discharge Q, corresponding to confining stress σ3 of
10MPa, have been plotted for samples with JRC = 0~2, 4~6,
and 10~12, as shown in Figure 7. It can be observed from
the figure that the increase in P leads to an increase in Q;
however, the increase of JRC values obviously decreases the
Q. This can be attributed to the fact that the less tortuous path
of flow in case of sample (JRC = 0~2) compared to its coun-
terparts (JRC = 4~6 and 10~12) causes resistance decrease
in flow through the fracture. For samples with different JRC
, most of the measured experimental data deviate from the
linear relationship between P and Q, indicating that the flow
through the microfracture does not follow Darcy’s law and
cubic law which assumes that linear flow between two parallel
smooth plates and different nonlinear flow characteristics
begin to take place. This deviation in the flow can be a result
of significant inertial effect or fracture dilation. The results
are consistent with previous literature [23, 26].

The curves in the form of the hydraulic gradient J versus
the flow velocity V for samples with different JRC are shown
in Figure 8. It can be observed that the relationship between J
and V obtained from each test deviates from the linear rela-
tionship, indicating that the linear Darcy’s law is no longer
suitable for describing the relationship between V and J . It
can be seen that the J-V relation shifts downwards as the
JRC values increase, indicating lower flow resistance. Hence,
the greater the JRC is, the greater hydraulic gradient it will
require to obtain a same flow velocity, as has been reported
in the literature [27].

In order to further study seepage in rough fractures under
high hydraulic gradient, the Forchheimer equation is intro-
duced to analyze the experimental data and describe the non-
linear flow characteristics quantitatively. Forchheimer’s law
provides a general relation including the nonlinear effect,
which can account for the nonlinear characteristics of the
hydraulic gradient versus discharge [28, 29]. The Forchhei-
mer equation can be expressed as follows:

J = aV + bV2, ð2Þ

where a and b are the Forchheimer coefficients expressing the
nonlinear effect due to viscous and inertial dissipation mech-
anisms. The regression analyses were performed on the
experimental data in the form of Forchheimer’s equation,
and the regression coefficients a and b for all cases are sum-
marized in Table 3. The correlation coefficient R2 for each
sample is more than 0.98, indicating that Forchheimer’s law
could better describe the nonlinear fluid flow through
rough-wall fractures. It can be observed from Table 3 that
coefficients a and b increase with the increases in joint rough-
ness, whereas coefficient a does not indicate an obvious cor-
relation with b. The JRC values from 0~2 to 4~6 result,
generally, in an increase of coefficients a and b by a factor
of 4.15 and 73, respectively. However, the JRC values from
0~2 to 10~12 result in a significant increase of a and b by a
factor of 38.23 and 1353.53, respectively. It can be concluded
that, as the JRC values increase, the effect of inertial force
becomes more and more significant.

The Reynolds number Re, which defines the flow as lam-
inar or turbulent is important for studying the fluid flow
characteristics through fractured rock mass, can be calculated
using the following equation:

Re = ρQ
μW

, ð3Þ

where ρ is the fluid density, Q is the discharge, μ is the
dynamic viscosity of fluid, and W is the fracture width.
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Figure 6: Experimental methods: (a) test procedures and (b) loading scheme.
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Figure 7: The measured and corresponding fitted curves in the form
of Q versus P for samples with different JRC.
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Table 3: Fitting results of Forchheimer equation of rough fracture
under different JRC.

Aperture/mm JRC a (s·m-1) b (s2·m-2) R2

0.1 0~2 299 17 0.9846

0.1 4~6 1242 1241 0.9886

0.1 10~12 11,430 23,010 0.9863

Table 4: Values of Reynolds number Re for all test cases.

Re (JRC = 0~2) Re (JRC = 4~6) Re (JRC = 10~12)
31.7676 10.2664 1.7434

85.0364 19.1768 3.6804

163.0992 34.6732 6.586

227.602 46.2954 9.2978

277.192 54.431 11.4286

321.55 61.9854 12.5908

356.416 67.4092 13.753

388.378 72.2518 14.9152
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Figure 9: The variation of Re with J corresponding to different JRC.
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Figure 11: Temperature variation measured by the FBG sensors.
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The Reynolds number values were calculated according
to Equation (2) and are depicted in Table 4. It can be
observed that as expected, Re is quite sensitive to J and a non-
linear relationship exists between Re and J . Hassanizadeh
and Gray [30] found the critical Reynolds number (Re = 10)
of the transition from laminar flow to turbulent. It can be
observed from Table 4 that most of the experimental data
for all the test sample falls exceed the critical Reynolds num-
ber Re > 10. This result indicates that the fluid flow was in the
state of turbulence. Furthermore, we plotted the variation
of Reynolds number Re with hydraulic gradient J for sam-
ples with different JRC values, as shown in Figure 9. It can
be observed from Figure 9 that as the hydraulic gradient
increases, the Reynolds number value increases, whereas the
increasing rate gradually decreases. Moreover, the Reynolds
number values decrease with the increase of the JRC values
under the same hydraulic gradient and fracture aperture,
which indicating higher flow resistance. In case of microfrac-
ture with a small aperture, the effect of surface roughness on
fluid flow is significant, and hence, lower JRC values and
thereby larger Re > 10 can be obtained.

Although the fluid behavior of fluid flow through a
single rough-walled fracture has been studied, but there
is a limit on the occurrence of a fully developed turbulent
regime in rough-walled fractures. In order to quantitatively
evaluate the nonlinear effect of fluid flow in rock seepage
process, a discrimination parameter α was proposed, as
expressed as follows:

α = bV2

aV + bV2 , ð4Þ

where aV and bV2 are the head loss caused by the viscous
force and the inertia force, respectively. For the case of α = 0,
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Figure 12: Strain monitoring results of microfracture surface with JRC = 0~2: (a) relationship between strain measured at different points and
confining pressure difference and (b) relationship between strain measured at different points and hydraulic pressure difference.
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Figure 13: Strain monitoring results of microfracture surface with JRC = 4~6: (a) relationship between strain measured at different points and
confining pressure difference and (b) relationship between strain measured at different points and hydraulic pressure difference.
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the inertia force can be neglected; therefore, Darcy’s law can
be used to describe the fluid flow through fractured rockmass.
For α = 1, this indicates that the fluid flow was in the fully
developed turbulence. To quantitatively estimate the nonlin-
ear behavior of fluid flow through single rough-walled frac-
ture, Zimmerman and Yeo [31] determined a critical value
α = 0:1 (10% of the overall head loss) to distinguish the Darcy
flow state and weak nonlinear flow state for engineering
application. According to Table 4 and Equation (4), we calcu-
lated the discrimination parameter α, and the relationship
between the discrimination parameter α and Reynolds num-
ber Re is shown in Figure 10. It can be observed that most of
the discrimination factors are larger than 0.1, which indicates
the fluid flow through single rough-walled fracture under the
high hydraulic gradient shows nonlinear regimes. However,
when the JRC is 0~2, the factor α ranges from 0.018~0.18,
indicating a weak nonlinear flow regime. Zhou et al. [32]
and Xia et al. [33] proposed a discriminant factor α = 0:9 to
divide the turbulent regime into two categories: weak turbu-
lence and fully developed turbulence. Therefore, it can be
concluded that the fluid flow through a single rough-walled
fracture shows a weak turbulence in this study. This finding
can be attributed to that a high surface roughness corre-
sponds to a small fracture aperture and larger flow resistance
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Figure 14: Strain monitoring results of microfracture surface with JRC = 10~12: (a) relationship between strain measured at different points
and confining pressure difference and (b) relationship between strain measured at different points and hydraulic pressure difference.
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and thus results in a small Reynolds number, thereby indicat-
ing that the fluid flow through microfracture shows weak tur-
bulent regime.
3.2. Characteristics of Strain Variation during the Seepage
Process. Figure 11 shows the monitoring results of the FBG
sensors. It can be observed that the temperature variation
during the seepage test was minor (within 1.0 °C). Therefore,
the nonuniformity in the temperature distribution inside of
the model was little and the significance of temperature com-
pensation for strain measurement was negligible.

In order to further explore the deformation character-
istics of fracture during the seepage test, the strain moni-
toring results of the FBG sensors that were embedded in
the fracture surface with different JRC values are shown
in Figures 12–14.

It can be seen from Figures 12–14(a) that when the axial
pressure is 10MPa and the hydraulic pressure is 1MPa, there
is a significant increase of strain increment with the increase
of confining pressure difference, and the growth trend is in
the form of quadratic parabola. The increase in the strain
indicates that the fracture surface was subjected to compres-
sion, mainly due to the high confining pressure. The compar-
ison between the five FBG sensors shows that the response of
the FBG 5 sensor was the quickest (as the water first touched
it), and the strain increment was also the largest due to the
largest hydraulic pressure. When JRC values are 4~6 and
10~12, the locations of maximum strain increment are both
FBG 5 sensor, and the corresponding strain increment is
450 × 10−6 and 758 × 10−6, respectively. However, when JRC
value is 0~2, the location of maximum strain increment is
FB4 sensor, which may be due to the different degrees of con-
tact in different positions. From the above results, it can be
concluded that the impact of the confining pressure is mainly
on the stress state of the sample, and the effect of surface
roughness on strain increment during the seepage process is
also important.

As seen in Figures 12–14(b), when the axial pressure is
10MPa and the confining pressure is 10MPa, the strain
increment of the five FBG sensors grows with the increase
of the hydraulic pressure difference. During the rising of the
hydraulic pressure difference, there is a slight increase of
the strain increment, followed by a faster growth in the later
stage. Therefore, the fracture surface strain grows with the
increase of hydraulic pressure, and the fracture aperture
increased. This phenomenon is called the “expanding frac-
ture effect,” as reported in the available literature [34].
Because of the different compaction degrees of the fracture,
the variation of strain is not obvious when the hydraulic
pressure is small. However, with the increase of hydraulic
pressure, a part of the compacted fracture will gradually
reopen, the seepage field in the fracture will be redistributed,
and the strain increment of the five points will show a rap-
idly rising tendency. It can be concluded that high hydraulic
pressure could lead to the addition and enlargement of
microfractures and enhance the connectivity between seep-
age fractures, thus forming more water conduction channels,
leading to water inrush accidents.

4. Conclusions

Based on the experimental results obtained and within lim-
ited ranges of parameters studied in this research, the follow-
ing conclusions can be drawn:
(1) Nonlinear fluid flow behavior was observed from the
relationship between the hydraulic gradient and aver-
age velocity. Forchheimer’s law could provide an
excellent description of the non-Darcy flow charac-
teristics caused by inertia effect in single microfrac-
ture with different roughness
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(2) The coefficients a and b of Forchheimer’s equation
increased with the increase in surface roughness for
each sample, and the growth rate increased signifi-
cantly. Moreover, the increase rate of a is much lower
than that of b

(3) The factor α is used to estimate the nonlinear charac-
teristics, and all the α factors are larger than the crit-
ical value of α = 0:1, which is used to determine the
start point of nonlinear fluid flow

(4) The FBG sensors have the advantages of quasi-
distributed sensing and of being lightweight and
small-sized, and the modeling of seepage monitoring
indicated that this method works well to measure the
strains of microfracture surface

(5) The variations of the strains inside the model sub-
jected to seepage had been captured, which provide
an improved insight into the deformation pattern
associated with water seepage in rock mass
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