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Abstract
Understanding the long-term evolution of coal permeability under the influence of gas 
adsorption-induced multiple processes is crucial for the efficient sequestration of CO2, 
coalbed methane extraction and enhanced coal bed methane recovery. In previous stud-
ies, coal permeability is normally measured as a function of gas pressure under the con-
ditions of constant effective stresses, uniaxial strains and constant confining pressures. In 
all these experiments, an equilibrium state between coal matrix and fracture is normally 
assumed. This assumption has essentially excluded the effect of matrix–fracture interac-
tions on the evolution of coal permeability. In this study, we hypothesize that the current 
equilibrium assumption is responsible for the discrepancy between theoretical expectations 
and experimental measurements. Under this hypothesis, the evolution of coal permeability 
is determined by the effective stress gap between coal matrix and fracture. This hypoth-
esis is tested through an experiment of CO2 injection into a coal core under the constant 
effective stress. In this experiment, the effective stress in the fracture system is unchanged 
while the effective stress in the matrix evolves as a function of time. In the experiment, the 
coal permeability was measured continuously throughout the whole period of the experi-
ment (~ 80 days). The experimental results show that the core expands rapidly at the begin-
ning due to the gas injection-induced poroelastic effect. After the injection, the core length 
remains almost unchanged. But, the measured permeability declines from 60 to 0.48 μD 
for the first month. It rebounds slowly for the subsequent 2 months. These results indicate 
that the effective stress gap has a significant impact on the evolution of coal permeability. 
The switch of permeability from the initial reduction (the first 30 days) to rebound (the 
subsequent 50 days) suggests a transition of matrix deformation from nearby the fracture 
wall to further away area. These findings demonstrate that the evolution of coal permeabil-
ity is primarily controlled by the spatial transformation of effective stresses between matrix 
and fracture.
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1  Introduction

Coal permeability is widely studied due to its importance for a variety of areas such as CO2 
storage in coal seams. Coal swelling due to gas adsorption during CO2 injection has an 
important influence on the evolution of permeability (Somerton et al. 1975; Siriwardane 
et al. 2009; Chen et al. 2011). It is also a common issue for coalbed methane extraction and 
enhanced coal bed methane recovery. Coal matrix swelling could modify coal permeabil-
ity. Coal permeability is controlled competitively by effective stresses and matrix swell-
ing during CO2 injection (Siriwardane et al. 2009). A broad variety of models have been 
developed to account for the effects of effective stress and swelling (Gray 1987; Seidle 
et al. 1992; David et al. 1994; Palmer and Mansoori 1996; Shi and Durucan 2004; Cui and 
Bustin 2005; Robertson and Christiansen 2006; Zhang et al. 2008; Liu et al. 2011; Wang 
et al. 2012). They have been used to evaluate the evolution of coal permeability for several 
decades.

Experiments have been undertaken to investigate the evolution of coal permeability 
under constant confining pressure, constant effective stress and uniaxial strain conditions. 
In all of experimental observations under constant confining stresses, the permeabilities 
can be classified into two types: linear and “V” shape (McKee et al. 1987; Harpalani and 
Schraufnagel 1990; Robertson and Christiansen 2005). In the linear type, permeability 
increases directly with the injection pressure (Harpalani and Zhao 1989; Harpalani and 
Schraufnagel 1990; Robertson and Christiansen 2005; Pini et al. 2009; Chen et al. 2011; 
Wang et al. 2011; Kumar et al. 2012; Wang and Liu 2016). When the confining pressure 
changes, coal permeability increases monotonously as the effective stresses decrease (Gil-
man and Beckie 2000; Seidle and Huitt 1995; Robertson and Christiansen 2005; Shi and 
Durucan 2004; Palmer and Mansoori 1996). The monotonous response of permeabil-
ity under variable effective stresses is consistent with the theoretical expectation of con-
ventional permeability models. In the “V” type, permeability decreases initially with the 
increasing of injection pressure, and then rebounds (Kumar et  al. 2012; Robertson and 
Christiansen 2005; Wang et al. 2011). This type response contradicts the theoretical expec-
tation of conventional permeability models.

In addition to experiments under variable effective stresses, coal permeability is also 
measured under constant effective stresses (Lin et  al. 2008; Pan et  al. 2010; Chen et  al. 
2011; Anggara et al. 2016). Our statistical results of these experimental observations show 
that the permeability ratios decrease as the gas infiltration progresses from fracture wall 
into matrix (Shi et al. 2018). This gas infiltration causes the time-dependent expansion of 
the coal matrix which affect in turn the evolution of permeability (Wang et al. 2016). The 
permeability variation of coal with time under the condition of constant effective stress 
suggests that the coal matrix–fracture interaction has not reached the final equilibrium 
state. The experimental results under the field condition of uniaxial strains also show the 
effect of sorption-induced volumetric strain on the permeability of coal (Mitra et al. 2012; 
Espinoza et  al. 2015). Experimental measurements were normally assumed under the 
equilibrium state but the observation may suggest that the equilibrium state has not been 
achieved (Chen et al. 2011; Robertson and Christiansen 2005; Siriwardane et al. 2009; Liu 
et al. 2016; Zhang et al. 2018).

The suggested inconsistency between assumption and reality, as reviewed above, is also 
reflected in the strain measurements. Experiments on coal deformation found that methane 
took nearly months to reach strain equilibrium (Harpalani and Chen 1995; Danesh et al. 
2017). The strain equilibrium was associated with gas pressure equilibrium between matrix 
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and fracture. When the gas pressures reach equilibrium, the adsorption-induced strain and 
effective stress change-induced strain achieve a steady state. The matrix permeability gen-
erally ranges from the order of 1 μD to 10−2 nD (Bustin et al. 2012). Therefore, the process 
of gas transport in the tight matrix is an extremely slow process. In experimental studies 
(Reucroft and Patel 1986; Seidle and Huitt 1995), extremely long equilibrium time was 
required from 10 days to months. However, most of the permeability tests published in the 
literature were conducted within days. For these experiments, gas pressure distribution in 
the matrix is basically in the non-equilibrium state during the whole measurement process. 
Thus, all the experimental data were conducted under non-equilibrium conditions. Because 
they are derived under the equilibrium condition, conventional permeability models can-
not be applied to explain the experimental observations. In this study, an experiment was 
conducted under constant effective stress in fracture system and variable effective stress in 
matrix system. Permeability was measured continuously for the whole process of perme-
ability evolution from initial to final equilibrium.

2 � Experimental Approach

For coal, dual porosity model was widely applied to represent the complex hydro-
mechanical coupling behaviors between fracture and matrix. Because fracture per-
meability is much greater than matrix permeability, the measured permeability can 
be attributed to the fracture system. Most of the permeability measurements with the 
steady-state method and transient method are all based on the assumption of equilib-
rium state. In order to investigate the whole process of fracture permeability evolution 
from initial to final equilibrium, a permeability experiment with continuous measure-
ments was conducted. It is based on pulse decay technique that takes a short time per 
measurement. The specific implementation mode of the pressure transient method is 
shown in Fig.  1. Before the test, a solid metal core was used instead of coal core for 
leakage measurement. The upstream and downstream of the holder were closed for 48 h 
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Fig. 1   Schematic diagram of the continuous pressure transient method
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after gas was injected. The gas pressure was monitored to determine whether a gas leak 
occurs. The core is placed into the core holder and then the confining stress is applied. 
After vacuumed it is flushed with the gas to be used. The injection pressure is kept as 
a constant for a while (gray line). It can avoid the leakage effect of upstream side on 
the measurement accuracy. It is considered that the pressure distribution in the frac-
ture system is equilibrated at this stage (light gray rectangular, pup = pdn). Then, a pres-
sure increment (∆p, e.g., 0.3 MPa) is applied to the upstream reservoir. The upstream 
is connected to a gas pressure controller which can maintain the upstream pressure at 
pre-assigned pressures in each loop (red line). The upstream pressure is controlled auto-
matically. This is much more convenient for the long-term test. It is different from the 
traditional pressure transient method which upstream pressure decreases. Because the 
gas transports through the coal to the downstream reservoir under the pressure driven. 
The downstream pressure (blue line) changes before reaching upstream pressure. There 
is always a pressure difference between the upstream and the downstream. The collected 
decay rate pressure difference is used to evaluate the permeability. The time from t0 to 
tdata1 is one loop for permeability measurement. After the end of each loop, the upstream 
pressure is switched periodically to continue the subsequent loops. These loops con-
tinue as long as the calculated permeability unchanged.

The transient method of Brace (Brace et al. 1968) is widely used to conduct the gas 
flow experiments in the low permeability cores. But the difference between our method 
and the Brace method is that the upstream pressure is kept constant in each one loop 
in our method. The upstream pressure does not deplete as the gas transfer to the down-
stream. The upstream pressure can be controlled by the computer program automati-
cally. The differential pressure between upstream and downstream was continuously 
measured and recorded. This pressure decay is combined with the vessel volumes in 
the analysis to relate the flow through the core and thus determine the permeability. The 
pressure decay curve can be modeled as:

where pup(t) − pdn(t) is the pressure difference between the upstream and downstream reser-
voirs at time t, (Pa), (pup(t0) − pdn(t0)) is the initial pressure difference between the upstream 
and downstream reservoirs at time t0, (Pa), υ is the slope of the line when plotting the 
pressure decay pup(t) − pdn(t) on semi-log paper against time, L is the core length (cm), A is 
the cross-section area of the core (cm2), μ is the dynamic viscosity (cp), β is the compress-
ibility of the gas, and Vup and Vdn are the volumes of the upstream reservoir and down-
stream reservoir, respectively (cm3). Because the upstream pressure is maintained as con-
stant within one loop, Vup tends to infinity. A simplified expression of permeability can be 
derived from Eq. (2) as (Heller et al. 2014).

In each loop, the permeability is calculated with Eq.  (3). For the full experimental 
process, the permeability evolution of the core can be captured continuously.
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3 � Experimental Specimen, Apparatus, and Procedures

3.1 � Coal Core

The coal core was obtained from the exposed surface of an underground mine located in 
Henan Province in China as shown in Fig. 2. The burial depth is − 310 m with burial stress 
of 6.1 MPa. The coal is categorized as high-volatile bituminous. The physical dimension 
of the coal core is 50 mm in diameter by 100 mm in length. The fracture distribution of the 
core was investigated by using 3D-CT Scan machine (Sanying Precision Instruments Ltd.). 
The resolution of CT scanning is about 30 μm. The images directly obtained by CT contain 
a certain level of noise. We select the median filtration method to smooth the boundary 
(Gallagher and Wise 1981). In order to better divide the fractures and matrix, between-
class variance maximization algorithm was selected to make the image segmentation pro-
cess accurately (Baradez et al. 2004). It can be seen that the fracture is parallel to the axial 
direction, that is parallel to the gas flow direction in the experiment.

3.2 � Apparatus

A core flow apparatus, unconventional gas (UG) permeability test system, with the data 
processing software was used for coal permeability measurements in this study. A sche-
matic diagram of the experimental apparatus is shown in Fig. 3. The central part of the 
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Fig. 2   Coal core after preparation and fractures distribution
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apparatus is the high-pressure chamber, where confining pressure is loaded to simulate 
the underground conditions. It’s capable of accepting membrane-sheathed cylindrical 
cores (5.0 cm diameter). The volume of the downstream reservoir is 50 mL. Coal core 
encased in the rubber sleeve is jacketed in a core holder. The core is isolated from the 
confining fluid by the sleeve made of butyl rubber, and pore pressure is controlled inde-
pendently of the confining pressure. Axial stress up to 70 MPa and confining (radial) 
stresses up to 40 MPa are independently applied by using two pumps. Upstream pres-
sure is controlled by an electro-pneumatic actuator connecting to a pneumatically actu-
ated regulator. The gas pressure controller has an accuracy of 0.1% of full scale. The 
gas leakage has no effects on the results during a long-term experiment because of the 
sealed downstream side and constant pressure on the upstream side. During the experi-
ment, the injection pressure of upstream is kept at a constant. The gas is supplied from 
the gas cylinder to keep the pressure constant. It can avoid the leakage of the upstream 
side on measurement accuracy. The downstream gas pipelines are short. The leakage 
effects can be neglected in each test loop. And gas pressure is initialized before the next 
loop. So, the leakage effects can be neglected during the long-term tests.

Measurements of the axial displacement of cylindrical cores are commonly per-
formed with linear variable differential transformers (LVDT) (Espinoza et  al. 2014; 
Chen et al. 2015; Wang et al. 2016). One set of LVDT is placed at one side of the core 
to measure the displacement change. All transducers (temperature, pressure, and dis-
placement transducers) are connected to a computer to automatically record the experi-
mental data. All parts of the apparatus are located in a temperature-controlled cabinet 
where the temperature can be maintained constant with a deviation of ± 0.5 °C.

Fig. 3   Schematic of experimental apparatus for measurement of permeability and axial displacement
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3.3 � Experimental Procedure

The following details the experimental steps used to conduct such a study.

Step 1 Coal core was placed in an oven at 45 °C for 12 h before being placed in the typi-
cal Hassler core holder with measurement of axial strain. Note that it is not a vacuum 
oven. Then, the core weight was measured.
Step 2 Coal core was jacketed in the core holder. To independently test the effects of 
adsorption swelling on permeability, it is necessary to keep the gas pressure and con-
fining stress constant. Both confining pressure (6.0 MPa) and axial stresses (6.0 MPa) 
were applied at a slow rate to establish initial conditions and then kept constant. Prior 
to the test, the core-reservoir system was vacuum desaturated to evacuate air from the 
system for 24 h. The temperature was maintained at 23 °C during the whole period of 
the experiment.
Step 3 Absorbing gas (CO2) was used as the fluid medium in the experiment. Then, 
the core was exposed to CO2 after upstream and downstream injection. After achieving 
the desired pore pressure level, both upstream pressure and downstream were fixed at 
3 MPa for five minutes. In this stage, fracture pressure was nearly equilibrated because 
the downstream pressure was stable at this moment.
Step 4 The confining stress was kept constant. Coal permeability was measured continu-
ously using the method introduced in Sect. 2. The single loop of measurement was last 
for 1 h. The procedure was repeated for a step-wise periodically lasting for 88 days. The 
upstream pressure was controlled by the preprogrammed command sequences, which 
guide the actuated regulator.
Step 5 After the permeability test, the coal core was taken out. The core was sealed with 
plastic film to keep dry. The change in coal mass from the moment of taking the core 
out of the cell was recorded once every 2 days in an attempt to derive the change in 
adsorbed mass.

4 � Experimental Results

Because the experiment was conducted for a long period of time, large amounts of data 
were collected by the computer. A MATLAB code was developed to process the experi-
mental data. There are a few invalid data calculated by MATLAB code. It is because of the 
failing dissociation of each loop from successive data. At first, some invalid data has to be 
removed. Then, each loop of pressure data was sorted. Then, the permeability was obtained 
by fitting the slope of the pressure difference between the upstream and downstream sides. 
There are 2210 data of permeability was calculated at last. The measured data (Upstream 
pressure, downstream pressure, axial displacement, temperature, confining pressure) and 
calculated permeability are shown in Fig.  4. Note that there is still one experiment pre-
sented in this paper due to the time-consuming. So the influence of coal characteristic on 
permeability evolution is not considered in this paper.

As shown in Fig. 4, the permeability and axial displacement both varied significantly, 
although the confining pressure and gas pressure were kept constant in the experiment. 
The pore pressure is 0 MPa at zero of X-axis in Fig. 4, then it increased to 3 MPa instantly. 
The axial displacement increases rapidly as gas injected into the core. After a few hours, 



976	 M. Wei et al.

1 3

the rate of axial displacement growth slows down. Over last 80 days, it remains about the 
same. The maximum displacement is 0.43 mm, corresponding to the strain of 0.43% in the 
axial direction. In comparison, the change tendency in permeability is totally different. The 
first three loops of permeability tests show the increase in permeability. The highest value 
of permeability is 60 μD. After then, it drops down from the highest to lowest in 10 days. 
It finally declines to 0.48 μD, which is 125 times reduction. It remains constant for a few 
days. Then, it begins to rebound slowly and last for the next 2 months. At the last, the per-
meability remains almost unchanged.

We assume that the mass of the adsorbed gas is zero before gas injection. It shows that 
the gas mass in the core reduced by 9.46 g in 18 days from the moment it was taken out 
of the cell as shown in Fig. 5. The adsorbed gas in the matrix was mainly not released at 
that moment. The mass decreased when the core was exposed to air. During this period, 
the adsorbed gas desorbed to free gas from the coal matrix to fracture. At last, the mass 
reduced to the value prior to the experiment. It took about 18 days for the pressure in the 
fracture to re-equilibrate with the pressure in the matrix.

5 � Analyses and Discussions

5.1 � Nonsynchronous Deformation of Fracture and Matrix

Since the core was confined by a constant confining pressure, the decrease in effective 
stress results in the core expansion after CO2 injection. The adsorption-induced swelling 
also leads to the increased axial displacement. Therefore, both effective stress and adsorp-
tion strain account for the core deformation. In order to evaluate the effect of these two fac-
tors on core deformation, a numerical dual-permeability model was built. It was assumed 

Fig. 4   The experimental data of permeability and axial displacement
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that the gas in the matrix exists in both adsorption and free phase. There is only free gas in 
the fracture. The gas adsorption follows the Langmuir equation. The gas flow in the coal 
matrix and fracture follows the Darcy’s law. The gas mass balance equation in the matrix 
can be expressed as (Wei et al. 2018):

where ϕm is the porosity of coal matrix, Pm is pore pressure in the matrix, M is the molar 
mass, R is the gas constant, T is the absolute temperature in Kelvin. s is coal density, a is 
gas density at atmospheric pressure, La represents the Langmuir volume constant, Lb repre-
sents the Langmuir pressure, u is gas viscosity, Qmf is the mass transfer rate between matrix 
and fracture.

The mass exchange between matrix and fracture is defined by a coupling term Qmf:

where amf is a shape factor, Dmf is the diffusion coefficient.
Darcy flow is used to define flow in fractures. The gas mass balance equation in the 

fracture is given as:

where ϕf is the porosity of natural fracture, kf is the permeability of fracture, ϕf0 is the ini-
tial porosity of natural fracture, kf0 is the initial permeability of natural fracture, Pf is the 
gas pressure in the fracture, k is the gas density in fracture system.

The parameters used in the simulation are listed in Table  1. The permeabilities of 
matrix and fracture were back-calculated according to the experimental results. Other 
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parameters are obtained from the literature (Wu et al. 2010). The governing equations 
have been implemented into and solved by COMSOL Multiphysics. The modeling 
results are shown in Fig. 6. These results reveal the difference of pressure distributions 
and the transformation of effective stresses between fracture and matrix. The axial dis-
placement curve can be divided into four stages:

(1)	 Stage 1: Vacuum State. It lasts a very short period right after the gas injection. The 
fracture and matrix are in the vacuum stage. In this stage, the effective stresses are still 
unchanged. The gas fills in the fracture during this stage.

Table 1   Parameters for 
simulation

Parameter Value

Density of coal, ρs 1400 kg/m3

Density of CO2 at standard condition, ρa 0.71 kg/m3

Viscosity of CO2, μ 1.84 × 10−5 Pa·s
Langmuir pressure constant, La 0.015 m3/kg
Langmuir volume constant, Lb 6.109 MPa
Porosity of matrix, � m 0.021
Permeability of matrix, km 1 × 10−21m2

Porosity of fracture, � f 0.014
Permeability of fracture, kf 1 × 10−17 m2

Shape factor, amf 1
Diffusion coefficient, Dmf 1 × 10−9 m/s
Diameter of numerical model 5 cm
Height of numerical model 10 cm

Fig. 6   Measured axial displacement variation in response to the simulated effective stress
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(2)	 Stage 2: Core Expansion. As the gas filtration into the fracture progresses, the axial 
displacement increases rapidly. Under the condition of constant confining pressure, 
effective stress decreases due to the increase in gas pressure. In this stage, the effective 
stress in the fracture decreases while that in the matrix remains relatively unchanged. 
It confirms that the rapid deformation of the core is due to the fracture expansion.

(3)	 Stage 3: Matrix Swelling. In this stage, the effective stress in the matrix decreases as 
the gas diffuses from the fracture into the matrix. As a result, coal matrix swells in this 
stage. The gas diffusion leads to a slow displacement growth over the next 2 months of 
the experiment. But, the increase in axial displacement is quite small comparing with 
the Stage 2.

(4)	 Stage 4: Stable Stage. At the last stage, the axial displacement remains unchanged 
for the later 60 days. The effective stress in both fracture and matrix is stable. A new 
equilibrium state between matrix and fracture has been reached.

Due to the high permeability in the fracture, the gas flows rapidly within the fracture 
after gas injection. The gas pressure in the fracture increases in the early stage com-
pared to the gas pressure in the matrix. When the gas reaches the fracture wall and 
diffuses into matrix, the gas pressure in the matrix begins to rise. Therefore, the gas 
pressure within the matrix is generally lower than the pressure within the fracture before 
the final equilibrium state. According to the Terzaghi’s principle, effective stress should 
decrease with the increase in gas pressure when the total stress is constant. It is obvious 
that there exists a time difference between the change of effective stress in the fracture 
and that in the matrix. Since the pressure distribution in the matrix changes from non-
uniform (early stages) to uniform (final stage), the adsorption-induced swelling defor-
mation also transforms from localization in the vicinity of the fracture compartment to 
globalization (the whole core).

Fig. 7   Illustration of the corresponding relation between displacement and permeability
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5.2 � Relation Between Core Deformation and Permeability Evolution

The corresponding relation between axial displacement and coal permeability is illustrated 
in Fig. 7. It is obvious that coal permeability also experiences four stages:

(1)	 Initial Equilibrium Stage. This is supposed to correspond to the vacuum stage.
(2)	 Permeability Increase Stage. This is supposed to correspond to the fracture expansion 

stage;
(3)	 Permeability Reduction Stage. This is supposed to correspond to the matrix swelling 

stage.
(4)	 Permeability Stabilization Stage. This is supposed to correspond to the stable deforma-

tion stage.

As shown in Fig. 7, the four stages of coal permeability evolution do not match well 
with the four stages of axial displacement evolution. For example, coal permeability 
decreases significantly while the measured axial displacements at Stage 3 are almost ignor-
able. This inconsistency is due to the fact that coal permeability evolution is determined 
by the transformation of the internal deformation in the vicinity of the fracture wall and 
the overall deformation of the core as measured. This transformation corresponds to the 
transfer of effective stresses between fracture and matrix as discussed in the section above.

6 � Conclusion

In this study, a long-term experiment was conducted to measure the evolution of coal per-
meability under the influence of gas injection. Based on the experimental observations of 
coal permeability evolution and the corresponding theoretical analysis, the following con-
clusions can be drawn:

(1)	 The evolution of coal permeability does not correspond well with the external defor-
mation of coal core as measured. It is determined by the transformation of the local 
deformation as gas diffuses from the fracture wall into the matrix and the overall 
deformation as gas spreads all over the coal core.

(2)	 The effective stress gap between matrix and fracture is primarily controlled by the gas 
diffusion-induced non-uniform matrix swelling. When the swelling deformation of the 
matrix is localized in the vicinity of the fracture wall, the fracture opening is reduced 
by the swelling deformation. At this stage, the coal permeability is controlled primarily 
by the internal deformation. When the swelling deformation expands throughout the 
whole core, the permeability change switches from one mode to another.

(3)	 These findings suggest that coal permeability models, as developed on the basis of 
overall deformation, may not reflect the true mechanism of deformation transformation 
from internal mode to external one.
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