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Abstract

Relative permeability is an important attribute influencing subsurface multiphase flow. Char-

acterization of relative permeability is necessary to support activities such as carbon

sequestration, geothermal energy production, and oil and gas exploration. Previous

research efforts have largely neglected the relative permeability of wellbore cement used to

seal well bores where risks of leak are significant. Therefore this study was performed to

evaluate fracturing on permeability and relative permeability of wellbore cement. Studies of

relative permeability of water and air were conducted using ordinary Portland cement paste

cylinders having fracture networks that exhibited a range of permeability values. The mea-

sured relative permeability was compared with three models, 1) Corey-curve, often used for

modeling relative permeability in porous media, 2) X-curve, commonly used to represent rel-

ative permeability of fractures, and 3) Burdine model based on fitting the Brooks-Corey func-

tion to fracture saturation-pressure data inferred from x-ray computed tomography (XCT)

derived aperture distribution results. Experimentally-determined aqueous relative perme-

ability was best described by the Burdine model. Though water phase tended to follow the

Corey-curve for the simple fracture system while air relative permeability was best described

by the X-curve.

Introduction

Relative permeability measurements are critical to understanding multiphase flow (e.g. gas

and water) in subsurface environments where well drilling for operations such as deep carbon

dioxide storage or geothermal energy production are employed [1–3]. Typically research on

relative permeability has focused on natural sediment or rock, including fractured rock where

fracturing occurs from subsurface geomechanical processes. However, cement used in the

wellbore annulus is also subject to the same environmental stresses that result in fracturing of

rock. Therefore, consideration of the effects of fracturing on the permeability and relative per-

meability of wellbore cement is also needed.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210741 January 23, 2019 1 / 17

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Rod KA, Um W, Colby SM, Rockhold ML,

Strickland CE, Han S, et al. (2019) Relative

permeability for water and gas through fractures in

cement. PLoS ONE 14(1): e0210741. https://doi.

org/10.1371/journal.pone.0210741

Editor: Zhenhua Chai, Huazhong University of

Science and Technology, CHINA

Received: August 1, 2018

Accepted: December 21, 2018

Published: January 23, 2019

Copyright: © 2019 Rod et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information files.

Funding: Funding of this research was provided by

the National Risk Assessment Partnership (NRAP)

in the U.S. DOE Office of Fossil Energy’s Carbon

Sequestration Program. PNNL is operated by

Battelle for the U.S. DOE under Contract DE-AC06-

76RLO 1830. Part of this research was performed

at the W.R. Wiley Environmental Molecular

Sciences Laboratory (EMSL), a national scientific

user facility at PNNL managed by the Department

http://orcid.org/0000-0003-1818-9094
https://doi.org/10.1371/journal.pone.0210741
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0210741&domain=pdf&date_stamp=2019-01-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0210741&domain=pdf&date_stamp=2019-01-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0210741&domain=pdf&date_stamp=2019-01-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0210741&domain=pdf&date_stamp=2019-01-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0210741&domain=pdf&date_stamp=2019-01-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0210741&domain=pdf&date_stamp=2019-01-23
https://doi.org/10.1371/journal.pone.0210741
https://doi.org/10.1371/journal.pone.0210741
http://creativecommons.org/licenses/by/4.0/


Cement is commonly used in the annulus of wellbores to seal where wells have penetrated,

to prevent unwanted leaks from reservoirs into aquifers. Few geologic carbon storage studies

to date have evaluated wellbore cement integrity in the field, but those which have noted that

the use of Portland cement is effective for sealing aquifers against leaks due to its low perme-

ability [4, 5]. Portland cement mixtures can be subject to enhanced physical and chemical deg-

radation when used for CO2 storage and geothermal exploitation [4–10]. Eventually the

extreme conditions of subsurface environments may impair cement mechanical integrity,

leading to the propagation of fracture networks, and increasing the permeability for gas and

water [11, 12]. To improve predictions of well leaks through fractured wellbore cement accu-

rate flow models are necessary.

Since relative permeability can vary dependent on the solid state conditions it is significant

that most work to date has focused on relative permeability through granular porous media,

compared to the less investigated fractured media. Investigations of relative permeability of

fractures have been conducted using natural rock, but they also often employ synthetic condi-

tions such as the use of glass plates or clay bricks [13–16]. The variability of these measure-

ments have been summarized in detail by Huo and Benson (16), and demonstrated that

relative permeability models fit to data can depend on surface roughness of the material and

the geometry of the fracture. To date, to the authors’ knowledge, there have been no reproduc-

ible experimental measurements of relative permeability for air and water through fractured

wellbore cement published. The objective of this research is to determine the relative perme-

ability for air and water through fractured cement for two different sets of fractures in class

H Portland cement paste (cement) cylinders and to assess the appropriateness of different

models (e.g. X-curve, Corey-curve, and Burdine) commonly used to describe relative

permeability.

Methods and materials

Materials/Fracturing

Cement paste cylinders with a length of 9.75 cm and diameter of 5.08 cm were fabricated.

Cement samples used ordinary Portland cement (OPC; class H) with a water to cement ratio

of 0.4 and blended for 15 minutes at 300–500 RPM with an overhead mixer, which had 5 cm

diameter cross blade impeller. The slurry was poured into a plastic mold, vibrated to remove

any air bubbles, and cured at 100% relative humidity for 28 days at 22˚C. After removing the

cured cement samples from the molds, the sides of cured samples were bound with heavy duty

moisture-seal heat-shrink tubing, leaving the ends open (Fig 1). The tubing was used, shrunk

to the cylinder sides, to hold the sample together after being fractured.

These cement paste cylinders were then placed in a hydraulic press with the flat ends half

covered with offset metal plates such that a shear force could be applied down the length of the

sample. Force (444 N and 667 N) was applied to both of the cylinders with the offset plates

until a shear fracture occurred. This simulates a shear fracture which could occur with incom-

plete cementing of a wellbore combined with high pressures [17]. For the multiple fractures

the cement sample was rotated 90˚ and fractured again, to increase the aperture and the num-

ber of fractures. The total volume of the fracture network in each cylinder was determined

gravimetrically by weighing before and after imbibing water into the fractures for 24 hours.

Samples were then allowed to saturate for one week before being drained and measured again

for imbibing water. The calculation assumes no measured water imbibition into the cement

matrix.
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X-ray computed tomography (XCT) and fracture segmentation

To characterize the internal fractures, the cement paste cylinder samples were scanned using a

high-resolution microfocus XCT scanner (X-Tek/Metris XTH 320/225 kV). Scans were per-

formed at 98 kV and 536 μA X-ray energy ranges with a 0.1 mm Cu filter. During the scans

samples were rotated continuously with momentary stopping to collect each projection. A

total of 1,998 projections were collected over 360 degrees with an isotropic voxel resolution of

58.4 μm, resulting in 8-bit grey-scale XCT images (Fig 1).

The code used to perform the automated fracture segmentation was written in Python 2.7

and relies upon OpenCV [18] and NumPy [19]. The approach follows that of Tang [20], but

with application-specific modifications.

Images were initially processed by a simple moving median filter with window size m = 10,

wherein images in the range [i–m, i + m] are used to calculate the median for each pixel in

image i. This process assumes features (i.e., the fracture) change insignificantly within the win-

dow such that features are preserved and high-frequency elements (noise and artifacts) are

Fig 1. XCT cross section (a, c) and profile (b, d) of cement cylinders with simple fracture (a, b) and with multiple

fractures (c, d). For both cylinders: diameter = 5.08 cm; length� 10 cm. Medium grey is cement (median intensity

120), black lines in the cement are fractures (intensity between 60 and 100), black/dark ring around the edges of the

cylinder are polymer/glue (median intensity 88), and light grey ring is heat shrink tube (median intensity182). The

background has median intensity 22.

https://doi.org/10.1371/journal.pone.0210741.g001
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ameliorated. When applied, signal-to-noise ratio (SNR) is improved, and certain imaging arti-

facts (e.g., ring artifact) are removed. A NumPy implementation of anisotropic diffusion was

then applied to each image i to further increase SNR [21].

An initial segmentation of the fracture was performed using adaptive thresholding [22].

Local thresholds were calculated using a Gaussian-weighted kernel 101 pixels wide. Pixels of

intensity 3 lower than their respective local threshold were selected, effectively resolving the

relatively darker areas of each image (Fig 1). Morphological operations were then applied suc-

cessively to fill small gaps in the segmentation and to remove noise.

To isolate the fracture and exclude the empty space around the sample, a coarse region of

interest (ROI) extraction was performed. Images were thresholded by pixel intensity, approxi-

mately, between grey-scale values of 100–130. Morphological operations were again applied to

remove noise and to fill any areas missed within the ROI. The initial segmentation was multi-

plied by this coarse mask to exclude any areas outside the mask. Finally, small components

were removed using connected-components analysis [23].

A variant of the marching cubes algorithm [24] was then used to extract a triangulated sur-

face mesh from the segmented data. Volume-conserving smoothing [25] was employed to

smooth surface normal. Fracture dimensions and other properties were determined using the

Los Alamos Grid Toolbox [26].

Electrical resistivity measurement

Fracture water saturation was monitored in the cement cylinders by electric resistivity mea-

surement using a two electrode method [27–29]. The fractured cement samples were fitted

with stainless steel end caps using heavy duty moisture-seal heat-shrink tubing over the origi-

nal heat shrink wrap. The seal was further reinforced using ring clamps. Electrodes were con-

nected to stainless steel pressure fittings in the end caps, such that current could pass through

the cement.

An initial calibration was conducted before relative permeability tests (S1 Table, S1 Fig;

supporting information), and the slope of the resistivity versus ratio fracture saturation (gravi-

metric) curve, was used to determine effective saturation of the fracture. The calibration was

done using the same solution (0.1M NaNO3, pH = 7) used in the experiments. The cement

samples were maintained wet at all times so that weight changes due to absorption of water

into the cement matrix during the calibration and test would be below detection limits.

Because of this the changes in the moisture content measured corresponded to fracture

saturation.

Before conducting each relative permeability test the electrical resistivity of water-saturated

fracture and water-unsaturated fracture was checked to ensure there was no drift in the cali-

bration. For checking impedance at full water saturation of the fracture, measurements were

made while water was flowing from bottom to top until all air effectively was eluted from flow

in the vertically oriented cylinder. For checking impedance of the water-unsaturated condition

measurements were taken with air only being supplied to the cylinder and flowing from top to

bottom until the water had effectively drained from the fracture. In both cases values were

recorded once the voltage response stabilized.

Permeability measurement

Absolute permeability of fractures was determined before relative permeability tests were per-

formed. Flow was supplied to the influent end through 0.125 inch (3.175 mm) polytetrafluor-

oethylene (PTFE) tubing attached with two pressure fittings, in ports of the stainless steel end

cap, one for water and the other for air flow (S2 Fig). The end cap was etched with flow
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channels on the surface in contact with the cement to ensure water and/or air would disperse

over the surface and enter the fractures evenly.

Fracture absolute permeability (solution saturated) was measured using saturated constant

head method [30]. Constant pressure to the influent end was controlled by maintaining a solu-

tion reservoir (sealed vessel) at a constant pressure, between 111–141 kPa, and discharge was

measured at atmospheric pressure. Pressure was maintained constant using precision differen-

tial air flow controllers (PCD series controller, Alicat Scientific, Tucson AZ).

The Reynolds equation (Eq 1) describes flow through fractured media [31] and can be used

with measured data from experimentation to calculate the effective fracture aperture (b)

dimension. When combining the Reynolds equation (Eq 1) with Darcy’s equation (Eq 2), the

equation reduces to a form which can be used to calculate the equivalent permeability based

on fracture aperture (Eq 3):

Q ¼ �
Wb3

12μ
hi � ho

L

� �

ð1Þ

Q ¼ �
keWb
μ

hPi � Pho

L

� �

ð2Þ

ke ¼
b2

12
ð3Þ

where Q = discharge (cm3 s-1); W = effective fracture width (cm); b = effective aperture of frac-

ture (cm); μ = viscosity (Pa�s); hi = pressure at inlet (Pa); h0 = pressure at outlet (Pa); L = length

of fracture (cm); ke = effective permeability (cm2).

For the calculations the effective fracture width (W) used was the average width (5.21 mm)

determined for cement cylinder with the simple fracture by measuring the fracture, which ran-

ged from 5.08 mm to 5.33 mm. Since the cement cylinder with multiple fractures had a com-

plex fracture network, a representative fracture width was not possible to determine, and as

such the width of the cylinder (5.08 mm) was used for the effective fracture width. This was

determined to be a preferred compromise since there was at least one location in the cylinder

where the fractures coalesce and the width of the cylinder is a close representation of the frac-

ture width.

Relative permeability measurements

Relative permeability experiments were conducted by introducing both aqueous solution

(0.1M NaNO3, pH = 7) and air to the influent end of the cylinder simultaneously at a constant

pressure with the cylinder oriented horizontally or vertically with flow from top to bottom.

Pressure applied for gas and aqueous phase was averaged to calculate influent pressure, with

the upstream pressure stepped up or down within the range 108–120 KPa. Measurements

were made when the flow was at steady state and the pressure constant. The effluent PTFE tub-

ing emptied into a stoppered flask used as a phase separator. This flask was positioned on a

precision scale where change in effluent mass was recorded over time. Effluent air flow was

measured using a precision air flow meter (M series meter, Alicat Scientific, Tucson AZ). Air

and 0.1M NaNO3 solution were selected for performing the tests to minimize reactions with

the cement paste, which could change the fracture aperture through precipitation or dissolu-

tion reactions [32].

Relative permeability through fractures was calculated using the determined permeability

(ke) and Eqs 4 and 5 [33]. Eq 4 was used to calculate aqueous permeability, krw, and Eq 5 was
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used for air permeability, krg, to compensate for compressibility of gas.

Qw ¼
kekrwAðhi � hoÞ

μwL
ð4Þ

Qg ¼
kekrgAðh

2

i � h2

oÞ

μgLPo
ð5Þ

where Qw = water discharge (cm3 s-1); krw = relative permeability of water (dimensionless); A =

cross section area of fracture aperture and width (cm2); μw = dynamic viscosity of water (Pa�s);

Qg = gas discharge (cm3 s-1); krg = relative permeability of gas (dimensionless); μg = dynamic

viscosity of gas (Pa�s). Raw data can be found in the supporting information.

An additional test was performed to reduce the gas phase interference during multiphase

flow. For this test, solution was applied in the same way as above but the fracture was oriented

vertically. Solution saturation was controlled by allowing gravity drainage, reducing the water

flow rate, and maintaining sufficient air pressure to drain the fracture but having only the

aqueous phase flow out of the fracture.

Irreducible water content was determined by adjusting the pressure for air and water to the

point where only air was flowing through the fracture then recording the mass and resistivity

information for this point. The irreducible water content would be comprised of the surface

moisture in the main fracture channel and water in smaller less hydraulically connected

channels.

Relative permeability models

Fluid flow in porous and fractured media can be modeled using many different approaches,

and permeability and relative permeability can be calculated from computed fluxes and pres-

sure gradients using Darcy’s Law. Blunt, Bijeljic (34) reviewed methods for pore-scale imag-

ing and modeling and noted that the most popular method for computing single and

multiphase flow directly on pore-space images is the lattice Boltzmann method [35–40].

Pore network models are also very popular owing to their relative simplicity and computa-

tional efficiency [34]. Also popular, but less well-used owing to increased computational

demand, is directly solving the Navier-Stokes equation on discretized representations of the

pore space [41]. Techniques referred to as density functional modeling, including smooth

particle hydrodynamics, have also been used for modeling fluid flow in porous media [42,

43]. All of these methods can use information about the pore space obtained from XCT

images [35], or thin sections [44], to compute fluid fluxes under specified pressure gradients

and to estimate permeability and relative permeability. However, when flow models are

being incorporated into larger risk assessment models for well operations, then relatively

simple models describing fluid flow would be preferred for the single component of wellbore

relative permeability.

Models used for comparison with data include the X-curve and Corey-curve [15, 45]:

X-curve:

krw ¼ Se ð6Þ

krg ¼ ð1 � SeÞ ð7Þ
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To adjust Corey-curve for irreducible water (the lowest achievable water saturation from

displacement by the gas phase):

Se ¼
ðS � SwrÞ
ð1 � SwrÞ

ð8aÞ

To adjust Corey-curve for irreducible water and irreducible gas:

S�e ¼
ðS � SwrÞ
ð1 � SwrÞ

þ Sgr ð8bÞ

Where Se = effective water saturation; S�e = apparent water saturation; S = water saturation;

Swr = residual water saturation; Sgr = residual gas saturation

Corey-curve:

krw ¼ S4

e ð9Þ

krg ¼ ð1 � SeÞ
2
� ð1 � Se

2Þ ð10Þ

The X- and Corey-curves are appealing due to their simple forms, but they may or may not

provide accurate estimates of relative permeability. Aside from porosity, which is needed for

calculating saturation, the X-curve requires no additional parameters while the Corey-curve

requires a single parameter, the residual wetting fluid saturation, Swr. Brooks and Corey (46)

note that the approximation used by Corey is only valid for a particular pore-size distribution.

Therefore more accurate relative permeability estimates might be obtained if consideration is

given to the pore, or for fractured media, the aperture size distribution.

Wang and Narasimhan [47] developed a statistical theory for fluid flow in partially satu-

rated, rough-wall, variable aperture fractures in which the cube of the single value of aperture

in Eq 1 is replaced by

hb3i
1
¼

Z bmax

0

b3f ðbÞdb ð11Þ

where f(b) is the aperture size distribution and the subscript 1 is used to denote fully saturated

conditions. For partially saturated (air-water) conditions,

hb3iS ¼

Z bS

0

b3f ðbÞdb ð12Þ

where

bS ¼ �
2gcosy
rgh

ð13Þ

and where γ is the interfacial tension between non-wetting and wetting fluids (air-water), θ is

the contact angle between the solid and wetting fluid, and h is the capillary pressure (in units

of water-equivalent hydraulic head). Values of interfacial tension, aqueous density, and contact

angle for an air-water system of 0.07183 kg s-2, 1000 kg m-3, and zero degrees were assumed.

Wang and Narasimhan [47] assumed that fracture aperture distributions could be represented

by a one-parameter gamma function, based on results from Tsang [48] for natural fractures in

granite, so that

f ðbÞ ¼ b2
ðbþ bcÞe

� bðbþbcÞ ð14Þ
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where β is a shape parameter and bc is a cutoff aperture. The relative permeability, kr, and abso-

lute saturation, S, of the fracture were then defined as

krw hð Þ ¼ t
hb3iS
hb3i1

ð15Þ

S hð Þ ¼
hbiS
hbi1

ð16Þ

where τ was referred to as a phase-separation constriction factor that is computed numerically

based on the fraction of area occupied by liquid water and fracture surfaces that are in contact

[33; Eqs 7–10]. Aperture distribution parameters representing a fractured tuff were estimated

by Wang and Narasimhan [47] using borehole-observable quantities, including apparent frac-

ture frequency and dip angles, the fraction of contact area (inferred from the fraction of frac-

ture surface area coated by zeolites, clay, and calcite), and the bulk permeability of the fracture

continuum.

In the current study, the permeability of the fracture continuum for the concrete cylinders

was determined experimentally, and the aperture distribution for the simple fracture was

determined from image analysis of the segmented XCT data. Given an aperture size distribu-

tion, and the bulk permeability of the fracture continuum, the model of Wang and Narasim-

han [47] can be used to generate discrete values of kr(h) and S(h). The discrete values may be

fit with more general models for constitutive relative permeability-saturation-capillary pres-

sure relations in porous media [46, 49].

Brooks and Corey [46] showed that for a large number of experimental data sets the effec-

tive saturation of the wetting fluid was well represented by the equation

Se ¼
hb

h

� �l

for h � hb ð17Þ

where λ characterizes the pore-size distribution, and hb is the bubbling pressure, a measure of

the maximum pore size forming a continuous network of flow channels within the porous

medium. Brooks and Corey [50] used this relationship with the Burdine [51] model to derive

the following relationships for the relative permeability of wetting and non-wetting fluid

phases

krw ¼ ðSeÞ
2þ3l
l ð18Þ

krg ¼ ð1 � SeÞ
2

1 � Se
2þl
l

� �
ð19Þ

Fracture aperture distribution results, inferred from image analysis of XCT measurements,

were used in conjunction with the model of Wang and Narasimhan (47) to estimate pressure-

saturation relations for the fractured concrete. The estimated pressure-saturation values were

then fit with the Brooks and Corey (46) model to estimate a pore-size distribution parameter

used in the Burdine (51) relative permeability model. Calculated permeabilities from labora-

tory experiments are compared to results generated by different models (e.g. Corey curve, X

curve, combined Wang and Narisimhan/Brooks-Corey/Burdine models) in Section 3.

Data generated from relative permeability measurements were compared to models using

linear regression [52]. The linear regressions were fit to observed (y-axis) to predicted (x-axis)

with the intercept set to the origin.
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Results and discussion

Fracture characterization

The simple fracture cylinder has one continuous major fracture across its width and length

with only two smaller and partially connected branching fractures (Fig 1a and 1b). Within this

matrix, the fully connected fracture had apertures of up to 0.8 mm, with 75% of the apertures

ranging in size from 0.2–0.5 mm, and fracture volume of 2.4 mL based on computationally

segmented fracture image analysis (Fig 2 and S3 Fig). This volume is lower than the total effec-

tive fracture volume of 3.9 mL based on gravimetric measurements, suggesting that approxi-

mately 1.5 mL of the fracture network are small channels that visually were evaluated to not be

hydraulically significant and not evaluated by the segmentation. Across the fracture width

there is a region (green and light blue) near the middle to bottom, where the narrowest aper-

tures that are most restrictive to flow range in size from mostly 0.2–0.4 mm (Fig 2). This is

more than double the effective aperture of 0.07 mm calculated using Eq 1 above, from water

saturated permeability data experiments, assuming the fracture width is the same as the cylin-

der diameter. Due to a combination of smoothing of features during data processing and with

a voxel size of 58.4 μm the surface roughness is not visible across the entire segmented fracture.

In spite of this some texture can be seen in the image showing that the fracture is not smooth

(Fig 2). The multiple fracture cylinder was not segmented due to the complexity of the fracture

network.

S3 Fig shows the normalized, empirical cumulative aperture distribution determined for

the simple fracture in the concrete cylinder, computed from XCT results, and a gamma func-

tion (Eq 14) fit to the XCT image-derived aperture distribution results. For natural rocks,

Wang and Narasimhan (47) suggested that the bc parameter be estimated from the fraction of

fracture surfaces coated by clay minerals, zeolites, and calcite. This type of information is not

applicable to the concrete used in this study so a value of 0.0 was assumed for bc. A value of

0.0026 μm was estimated for the β parameter by fitting the fracture aperture distribution data

generated from analysis of the XCT data. S3 Fig indicates that the experimentally-derived aper-

ture distribution for the simple fracture is well represented by a gamma function. According to

the computed XCT results, the maximum aperture in Eq 11, bmax, for the simple fracture is 0.8

mm. The mean aperture, estimated from the cube root of hb3i1 in Eq 11, is 0.4347 mm. Using

this mean aperture in Eq 11 yields a permeability value of 1.57×10−4 cm2, which is a factor of

~37 greater than the measured permeability of the sample for water saturated conditions. It is

likely that a localized region of the fracture network where there is a narrowing of the aperture

to less than 0.2 mm and where fluids must pass is producing the lower permeability.

In contrast to the simple fracture cylinder the multiple fracture cylinder has a network of

intersecting fractures (Fig 1c and 1d). These fractures can be larger than 1 mm (Fig 1d) though

most are of a similar magnitude to the simple fracture (Fig 1a and 1b). The multiple fracture

cylinder effective pore volume was 9.9 mL, determined gravimetrically, which was over twice

that of the simple fracture. Based on water discharge and assuming the same width of fracture

as the simple fracture due to the same cylinder diameter, the calculated effective aperture is

0.26 mm for Eq 1, assuming a single fracture. However, because of multiple fractures providing

a complex network which contributes to the permeability (Fig 1c), it can be seen that the frac-

ture width and aperture have varying dimensions compared to the simple fracture.

Relative permeability

Corey and X-curve. Relative permeability was tested on both simple fracture and multiple

fracture cylinders (Figs 3 and 4). The measured relative permeability data was plotted as a ratio

Relative permeability for water and gas through fractures in cement
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of the absolute permeability (simple fracture ke = 4.19 × 10−6 cm2; multiple fracture ke =

7.63 × 10−6 cm2) compared to Corey-curve and X-curve models. Since the irreducible water

content was near 20% saturation, the curves were adjusted for this minimum saturation. Com-

paring between the cylinders, a similar trend was displayed for the relative permeability of

water with a curve similar to that of a Corey-curve (Figs 3 and 4). Using linear regression of

the measured data to the predicted Corey-curve the simple fracture had an r2 of 0.78 and the

multiple fracture had an r2 of 0.90 (Table 1).

With both of the cylinders, the relative permeability of water reaches absolute permeability

near 90% saturation rather than at 100% saturation (Fig 3). This makes the measured data

points which form the curve near 90% water saturation appear to be shifted to lower saturation

than expected, and this shift appears similar to what can be found when a non-wettable fluid is

transported [1]. However, cement generally is water wettable [53] so it is not likely that wetta-

bility of water would cause this shift in pattern. More likely, at close to 90% effective water

Fig 2. Computationally segmented primary continuous fracture from simple fracture cylinder. Color coding

represents thickness of fracture aperture. Dimensions of the fracture are 5.08 cm x 9.75 cm. The restrictive aperture to

flow is the smallest represented by green in the model. This green region includes apertures<300 μm, with most

ranging 200–300 μm. Voxel size is 58.4 μm. Flow direction relative to the image was from top to bottom.

https://doi.org/10.1371/journal.pone.0210741.g002
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saturation the gas phase is having a minimal interference on flow of the water phase, leaving

the Corey-curve model, without adjustments for trapped air, to become an underestimate of

the permeability at this saturation. This shift could be attributed to the heterogeneities in the

fracture aperture with water flowing in the larger channels (up to 0.8 mm aperture) unhin-

dered by the gas phase.

Relative permeability for air was described relatively well by the X-curve for both fracture

systems (Figs 3 and 4) where the model fits the data with an r2 of 0.74 and 0.84 for the simple

fracture and multiple fracture respectively (Table 1). This contrasting pattern between Corey-

curve for aqueous phase and X-curve for gas phase has been found in stratified sedimentary

environments where flow is parallel to the layers of stratification, but the flow pattern will

change to Corey-curve only when multiphase flow is perpendicular to stratification [54] and

therefore more subjected to porous media flow. The large aperture sizes of the fracture net-

work (Fig 1c and 1d) would allow air to flow without measurable phase interference while at

Fig 3. Relative permeability plot of simple fracture cement cylinder, models adjusted for both irreducible water

and irreducible gas. Water (open circles; 0.1 M NaNO3; krw) and gas (closed triangles; air; krg) were from a paired

relative permeability experiment with core oriented horizontally. Solid line and dashed orange line are the Corey-

curve, dashed black lines are the X-curve, and blue dashed dot lines are the Brooks-Corey/Burdine curve respectively

for relative permeability.

https://doi.org/10.1371/journal.pone.0210741.g003

Fig 4. Relative permeability plot of multiple fracture cement cylinder. Water (open squares; 0.1 M NaNO3; krw) and

air (closed diamonds; air; krg) were from a paired relative permeability experiment. Solid line and dashed orange line is

the Corey-curve and dashed black lines are the X-curve respectively for relative permeability.

https://doi.org/10.1371/journal.pone.0210741.g004
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the same time the air flow is interfering with water flow in regions of the fracture network with

smaller aperture, resulting in water flow more similar to that in non-fractured porous media

[2].

Burdine model. To investigate if the Corey model could be improved upon, the Burdine

relative permeability models were calculated based on values determined from the XCT-based

aperture distribution (Fig 3; Table 1). The Burdine [37] parameters for the computed fracture

saturation-pressure values that were determined from the Wang and Narasimhan [47] model

using Eq 16 are hb = 1.831 cm and λ = 1.0. These values were obtained by fitting discrete pres-

sure-saturation values generated using Eq 16 (with terms defined by Eqs 12–14) with the

Brooks-Corey [32] model, Eq 17. Note that only the λ parameter appears in the Burdine [37]

relative permeability functions, Eqs 18 and 19. Use of the measured aperture distribution with

the Burdine model, observed to predicted r2 of 0.84, appears to provide nominal improvement

in correspondence between modeled and experimentally-determined relative permeabilities

for the simple fracture network compared to the Corey model, observed to predicted r2 of 0.78

(Table 1).

Vertical flow and reduced air pressure. To investigate the influence of flow orientation

and the interference of gas entrapment on water flow, unsaturated vertical water flow experi-

ments were also conducted on the cylinders (Fig 5). These experiments were conducted by

flowing water through the unsaturated fracture, with varying effective saturation (>40%), and

with the cylinder oriented vertically to allow gravity flow, using minimal air pressure and

adjusting water flow to assist gravity with desaturating the fracture. Settings were maintained

to achieve steady state prior to measurements. By lowering the gas pressure and as a result

reducing the phase interference of air entrapment on water flow, the relative permeability of

water becomes more linear (krw v2 in Fig 5), and in the cylinder with multiple fractures the

data more closely follows the X-curve, similar to a simple, uniform, smooth fracture with no

phase interference [15]. However, using the same vertical orientation to measure relative per-

meability the result was similar trend to horizontal (Fig 5). This demonstrates how small

adjustments to the air pressure can result in a dramatic change in measured relative permeabil-

ity pattern.

Conclusions

Experimental data on permeability and relative permeability of water and gas in fractured

cement paste cylinders indicate that the most appropriate relative permeability model depends

on the saturation state of the materials, and on the characteristics of the fracture network. In

Table 1. Slope and coefficient of determination (r2) from linear regression comparing observed (data; y-axis)) to

predicted (models; x-axis).

Cylinder

Model Simple Fracture

slope (r2)

Multiple Fracture

slope (r2)

x-curve water 0.58 (0.35) 0.75 (0.57)

x-curve air 0.72 (0.74) 1.25 (0.84)

Corey curve water 0.85 (0.78) 1.03 (0.90)

Corey curve air 2.15 (-0.92) 1.76 (0.05)

Burdine curve water 0.94 (0.84) n/a

Burdine curve air 1.82 (-0.86) n/a

n/a = not applicable; perfect fit would be slope = 1.0 with r2 = 1.0

https://doi.org/10.1371/journal.pone.0210741.t001
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both simple and multiple fractured cement samples the Burdine model provided the closest

correspondence to experimentally determined relative permeabilities, followed by the Corey-

curve. The X-curve better described the relative permeability of the gas phase. If water pressure

is maintained and gas pressure is reduced such that the phase interference is minimized, the

relative permeability of water will more closely follow the X-curve. At greater than 80% water

saturation, the interference of the gas phase on water permeability is reduced and water can

easily permeate the fractures. The result is that a fracture when less than fully saturated, can

have water relative permeability at maximum. This suggests that more water can be transmit-

ted under these higher water saturation conditions than predicted by the models unless

trapped air is accounted for in the calculations. Use of the aperture distribution for computing

fracture saturation-pressure and relative permeability relations appears to yield some nominal

improvement in correspondence between experimentally-determined and model generated

relative permeability results for water.
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S1 Table. Resistivity calibration data for fracture saturation of cylinders used.
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(DOCX)

S2 Fig. Schematic of experimental design. Monolith was wrapped in polyolefin tubing with
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precision flow controllers, where one supplied air directly to the monolith influent end cap
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Fig 5. Relative permeability plot of simple fracture cement cylinder with fracture oriented vertically, models
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were from a paired relative permeability experiment. The second water plot (crosses; 0.1 M NaNO3; krw v2) was a

second experiment where there was no effluent air phase, the only effluent was water Solid line and dashed orange line

are the Corey-curve, dashed black lines are the X-curve, and blue dashed dot lines are the Brooks-Corey/Burdine curve

respectively for relative permeability.

https://doi.org/10.1371/journal.pone.0210741.g005
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calculated gamma function, Eq 14.

(DOCX)

Acknowledgments

The authors thank Tamas Varga, PNNL, for the XCT imaging of the cylinders. This research

was supported by the National Risk Assessment Partnership (NRAP) in the U.S. DOE Office

of Fossil Energy’s Carbon Sequestration Program. PNNL is operated by Battelle for the U.S.

DOE under Contract DE-AC06-76RLO 1830. Part of this research was performed at the W.R.

Wiley Environmental Molecular Sciences Laboratory (EMSL), a national scientific user facility

at PNNL managed by the Department of Energy’s Office of Biological and Environmental

Research. A portion of this work was supported by the Korea Institute of Energy Technology

Evaluation and Planning (KETEP) grant from the Ministry of Trade, Industry& Energy,

Republic of Korea (No. 20141720100610).

Author Contributions

Conceptualization: Kenton A. Rod, Christopher E. Strickland.

Data curation: Kenton A. Rod.

Formal analysis: Kenton A. Rod, Mark L. Rockhold, Andrew P. Kuprat.

Funding acquisition: Wooyong Um.

Methodology: Sean M. Colby, Christopher E. Strickland.

Project administration: Kenton A. Rod.

Software: Sean M. Colby, Andrew P. Kuprat.

Supervision: Wooyong Um.

Validation: Kenton A. Rod.

Visualization: Sean M. Colby.

Writing – original draft: Kenton A. Rod, Sean M. Colby, Mark L. Rockhold.

Writing – review & editing: Kenton A. Rod, Wooyong Um, Sean M. Colby, Sangsoo Han.

References
1. Krevor SCM, Pini R, Zuo L, Benson SM. Relative permeability and trapping of CO2 and water in sand-

stone rocks at reservoir conditions. Water Resour Res. 2012; 48:16. https://doi.org/10.1029/

2011wr010859

2. Watanabe N, Sakurai K, Ishibashi T, Ohsaki Y, Tamagawa T, Yagi M, et al. New v-type relative perme-

ability curves for two-phase flows through subsurface fractures. Water Resour Res. 2015; 51(4):2807–

24. https://doi.org/10.1002/2014wr016515

3. Clarkson CR, Rahmanian M, Kantzas A, Morad K. Relative permeability of CBM reservoirs: Controls on

curve shape. International Journal of Coal Geology. 2011; 88(4):204–17. https://doi.org/10.1016/j.coal.

2011.10.003

Relative permeability for water and gas through fractures in cement

PLOS ONE | https://doi.org/10.1371/journal.pone.0210741 January 23, 2019 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210741.s005
https://doi.org/10.1029/2011wr010859
https://doi.org/10.1029/2011wr010859
https://doi.org/10.1002/2014wr016515
https://doi.org/10.1016/j.coal.2011.10.003
https://doi.org/10.1016/j.coal.2011.10.003
https://doi.org/10.1371/journal.pone.0210741


4. Crow W, Williams DB, Carey JW, Celia M, Gasda S. Wellbore integrity analysis of a natural CO(2) pro-

ducer. In: Gale J, Herzog H, Braitsch J, editors. Greenhouse Gas Control Technologies 9. Energy Pro-

cedia. 12009. p. 3561–9.

5. Carey JW, Wigand M, Chipera SJ, WoldeGabriel G, Pawar R, Lichtner PC, et al. Analysis and perfor-

mance of oil well cement with 30 years Of CO(2) exposure from the SACROC Unit, West Texas, USA.

International Journal of Greenhouse Gas Control. 2007; 1(1):75–85. https://doi.org/10.1016/s1750-

5836(06)00004-1

6. Jung HB, Kabilan S, Carson JP, Kuprat AP, Um W, Martin P, et al. Wellbore cement fracture evolution

at the cement-basalt caprock interface during geologic carbon sequestration. Appl Geochem. 2014;

47:1–16. https://doi.org/10.1016/j.apgeochem.2014.04.010

7. Kutchko BG, Strazisar BR, Dzombak DA, Lowry GV, Thaulow N. Degradation of well cement by CO2

under geologic sequestration conditions. Environ Sci Technol. 2007; 41(13):4787–92. https://doi.org/

10.1021/es062828c PMID: 17695930

8. Kutchko BG, Strazisar BR, Hawthorne SB, Lopano CL, Miller DJ, Hakala JA, et al. H2S-CO2 reaction

with hydrated Class H well cement: Acid-gas injection and CO2 Co-sequestration. International Journal

of Greenhouse Gas Control. 2011; 5(4):880–8. https://doi.org/10.1016/j.ijggc.2011.02.008

9. Pernites RB, Santra AK. Portland cement solutions for ultra-high temperature wellbore applications.

Cement & Concrete Composites. 2016; 72:89–103. https://doi.org/10.1016/j.cemconcomp.2016.05.

018

10. Yan CL, Deng JG, Yu BH, Li WL, Chen ZJ, Hu LB, et al. Borehole Stability in High-Temperature Forma-

tions. Rock Mech Rock Eng. 2014; 47(6):2199–209. https://doi.org/10.1007/s00603-013-0496-2

11. Huerta NJ, Bryant SL, Strazisar BR, Hesse M. Dynamic alteration along a fractured cement/cement

interface: Implications for long term leakage risk along a well with an annulus defect. In: Gale J, Hen-

driks C, Turkenberg W, editors. 10th International Conference on Greenhouse Gas Control Technolo-

gies. Energy Procedia. 42011. p. 5398–405.

12. Kabilan S, Jung HB, Kuprat AP, Beck AN, Varga T, Fernandez CA, et al. Numerical Simulation of Per-

meability Change in Wellbore Cement Fractures after Geomechanical Stress and Geochemical Reac-

tions Using X-ray Computed Tomography Imaging. Environ Sci Technol. 2016; 50(12):6180–8. https://

doi.org/10.1021/acs.est.6b00159 PMID: 27203125

13. Fourar M, Bories S. Experimental-study of air-water 2-phase flow-through a fracture (narrow channel).

International Journal of Multiphase Flow. 1995; 21(4):621–37. https://doi.org/10.1016/0301-9322(95)

00005-i

14. Diomampo GP. Relative permability through fractures. Stanford, CA: Stanford University; 2001.

15. Chen CY. Liquid-Gas relative permeabilities in fractures: effects of flow structures, phase transforma-

tion and surface roughness. Stanford, CA: Stanford University; 2005.

16. Huo D, Benson SM. Experimental Investigation of Stress-Dependency of Relative Permeability in Rock

Fractures. Transport in Porous Media. 2016; 113(3):567–90. https://doi.org/10.1007/s11242-016-0713-

z

17. Kim J, Moridis GJ, Martinez ER. Investigation of possible wellbore cement failures during hydraulic frac-

turing operations. Journal of Petroleum Science and Engineering. 2016; 139:254–63. https://doi.org/10.

1016/j.petrol.2016.01.035

18. Bradski G. OpenCV. Dr. Dobb’s Journal of Software Tools. 2000.

19. Svd Walt, Colbert SC, Varoquaux G. The NumPy Array: A Structure for Efficient Numerical Computa-

tion. Computing in Science Engineering. 2011;(13):22–30. https://doi.org/10.1109/MCSE.2011.37

20. Tang JS, Gu YL, Ieee. Automatic Crack Detection and Segmetnation Using A Hybrid Algorithm for

Road Distress Analysis. 2013 Ieee International Conference on Systems, Man, and Cybernetics. IEEE

International Conference on Systems Man and Cybernetics Conference Proceedings. New York: Ieee;

2013. p. 3026–30.

21. Perona P, Malik J. Scale-space and edge-detection using anisotropic diffusion. IEEE Trans Pattern

Anal Mach Intell. 1990; 12(7):629–39. https://doi.org/10.1109/34.56205

22. Bernsen J, editor Dynamic thresholding of gray level images. International Conference on Pattern Rec-

ognition (ICPR; 1986.

23. Samet H, Tamminen M. Efficient component labeling of images of arbitrary dimension represented by

linear bintrees. IEEE Trans Pattern Anal Mach Intell. 1988; 10(4):579–86. https://doi.org/10.1109/34.

3918

24. Lorensen W, Cline H, editors. Marching cubes: a high resolution 3D surface construction algorithm.

14th Annual Conference on Computer Graphics and Interactive Techniques, SIGGRAPH ‘87; 1987;

New York, NY.

Relative permeability for water and gas through fractures in cement

PLOS ONE | https://doi.org/10.1371/journal.pone.0210741 January 23, 2019 15 / 17

https://doi.org/10.1016/s1750-5836(06)00004-1
https://doi.org/10.1016/s1750-5836(06)00004-1
https://doi.org/10.1016/j.apgeochem.2014.04.010
https://doi.org/10.1021/es062828c
https://doi.org/10.1021/es062828c
http://www.ncbi.nlm.nih.gov/pubmed/17695930
https://doi.org/10.1016/j.ijggc.2011.02.008
https://doi.org/10.1016/j.cemconcomp.2016.05.018
https://doi.org/10.1016/j.cemconcomp.2016.05.018
https://doi.org/10.1007/s00603-013-0496-2
https://doi.org/10.1021/acs.est.6b00159
https://doi.org/10.1021/acs.est.6b00159
http://www.ncbi.nlm.nih.gov/pubmed/27203125
https://doi.org/10.1016/0301-9322(95)00005-i
https://doi.org/10.1016/0301-9322(95)00005-i
https://doi.org/10.1007/s11242-016-0713-z
https://doi.org/10.1007/s11242-016-0713-z
https://doi.org/10.1016/j.petrol.2016.01.035
https://doi.org/10.1016/j.petrol.2016.01.035
https://doi.org/10.1109/MCSE.2011.37
https://doi.org/10.1109/34.56205
https://doi.org/10.1109/34.3918
https://doi.org/10.1109/34.3918
https://doi.org/10.1371/journal.pone.0210741


25. Kuprat A, Khamayseh A, George D, Larkey L. Volume conserving smoothing for piecewise linear

curves, surfaces, and triple lines. J Comput Phys. 2001; 172(1):99–118. https://doi.org/10.1006/jcph.

2001.6816

26. LaGriT. Los Alamos Grid Toolbox, Los Alamos National Laboratory, http://lagrit.lanl.gov/ 2013.

27. Hallaji M, Seppanen A, Pour-Ghaz M. Electrical resistance tomography to monitor unsaturated moisture

flow in cementitious materials. Cement and Concrete Research. 2015; 69:10–8. https://doi.org/10.

1016/j.cemconres.2014.11.007

28. Sengul O, Gjorv OE. Electrical Resistivity Measurements for Quality Control During Concrete Construc-

tion. Aci Materials Journal. 2008; 105(6):541–7.

29. Layssi H, Ghods P, Alizadeh AR, Salehi M. Elecrical Resistivity of Concrete. Concrete International.

2015; 37(5):41–6.

30. Klute A, Dirksen C. Hydraulic Conductivity and Diffusivity: Laboratory Methods. In: Klute A, editor. Meth-

ods of Soil Analysis, Part 1—Physical and Mineralogical Methods. Madison, WI: American Society of

Agronomy, Inc, Soil Science Society of America, Inc,; 1986. p. 687–734.

31. Nicholl MJ, Rajaram H, Glass RJ, Detwiler R. Saturated flow in a single fracture: Evaluation of the Rey-

nolds equation in measured aperture fields. Water Resour Res. 1999; 35(11):3361–73. https://doi.org/

10.1029/1999wr900241

32. Iyer J, Walsh SDC, Hao Y, Carroll SA. Assessment of two-phase flow on the chemical alteration and

sealing of leakage pathways in cemented wellbores. International Journal of Greenhouse Gas Control.

2018; 69:72–80. https://doi.org/10.1016/j.ijggc.2017.12.001

33. Scheidegger AE. The Physics of Flow through Porous Media. 3rd ed. Toronto, Ontario, Canada: Uni-

versity of Toronto; 1974.

34. Blunt MJ, Bijeljic B, Dong H, Gharbi O, Iglauer S, Mostaghimi P, et al. Pore-scale imaging and model-

ling. Advances in Water Resources. 2013; 51:197–216. https://doi.org/10.1016/j.advwatres.2012.03.

003

35. Wildenschild D, Sheppard AP. X-ray imaging and analysis techniques for quantifying pore-scale struc-

ture and processes in subsurface porous medium systems. Advances in Water Resources. 2013;

51:217–46. https://doi.org/10.1016/j.advwatres.2012.07.018

36. Chen S, Doolen GD. Lattice Boltzmann method for fluid flows. Annual Review of Fluid Mechanics.

1998; 30:329–64. https://doi.org/10.1146/annurev.fluid.30.1.329

37. Kang QJ, Lichtner PC, Zhang DX. Lattice Boltzmann pore-scale model for multicomponent reactive

transport in porous media. Journal of Geophysical Research-Solid Earth. 2006; 111(B5). https://doi.org/

10.1029/2005jb003951

38. Porter ML, Schaap MG, Wildenschild D. Lattice-Boltzmann simulations of the capillary pressure-satura-

tion-interfacial area relationship for porous media. Advances in Water Resources. 2009; 32(11):1632–

40. https://doi.org/10.1016/j.advwatres.2009.08.009

39. Pan C, Hilpert M, Miller CT. Lattice-Boltzmann simulation of two-phase flow in porous media. Water

Resour Res. 2004; 40(1). https://doi.org/10.1029/2003wr002120

40. Hao L, Cheng P. Pore-scale simulations on relative permeabilities of porous media by lattice Boltzmann

method. International Journal of Heat and Mass Transfer. 2010; 53(9–10):1908–13. https://doi.org/10.

1016/j.ijheatmasstransfer.2009.12.066

41. Scheibe TD, Perkins WA, Richmond MC, McKinley MI, Romero-Gomez PDJ, Oostrom M, et al. Pore-

scale and multiscale numerical simulation of flow and transport in a laboratory-scale column. Water

Resour Res. 2015; 51(2):1023–35. https://doi.org/10.1002/2014wr015959

42. Tartakovsky AM, Ferris KF, Meakin P. Lagrangian particle model for multiphase flows. Computer Phys-

ics Communications. 2009; 180(10):1874–81. https://doi.org/10.1016/j.cpc.2009.06.002

43. Pereira GG, Prakash M, Cleary PW. SPH modelling of fluid at the grain level in a porous medium.

Applied Mathematical Modelling. 2011; 35(4):1666–75. https://doi.org/10.1016/j.apm.2010.09.043

44. Okabe H, Blunt MJ. Prediction of permeability for porous media reconstructed using multiple-point sta-

tistics. Physical Review E. 2004; 70(6). https://doi.org/10.1103/PhysRevE.70.066135 PMID: 15697462

45. Corey AT. The interrelation between gas and oil relative permeabilities. Prod Mon. 1954; 19:38–41.

46. Brooks RH, Corey AT. Hydraulic properties of porous media. Fort Collins, CO: Colorado State Univer-

sity; 1964.

47. Wang JSY, Narasimhan TN. Hydrologic mechanisms governing fluid-flow in a partially saturated, frac-

tured, porous-medium. Water Resour Res. 1985; 21(12):1861–74. https://doi.org/10.1029/

WR021i012p01861

48. Tsang YW. The effect of toruosity on fluid-flow through a single fracture. Water Resour Res. 1984; 20

(9):1209–15. https://doi.org/10.1029/WR020i009p01209

Relative permeability for water and gas through fractures in cement

PLOS ONE | https://doi.org/10.1371/journal.pone.0210741 January 23, 2019 16 / 17

https://doi.org/10.1006/jcph.2001.6816
https://doi.org/10.1006/jcph.2001.6816
http://lagrit.lanl.gov/
https://doi.org/10.1016/j.cemconres.2014.11.007
https://doi.org/10.1016/j.cemconres.2014.11.007
https://doi.org/10.1029/1999wr900241
https://doi.org/10.1029/1999wr900241
https://doi.org/10.1016/j.ijggc.2017.12.001
https://doi.org/10.1016/j.advwatres.2012.03.003
https://doi.org/10.1016/j.advwatres.2012.03.003
https://doi.org/10.1016/j.advwatres.2012.07.018
https://doi.org/10.1146/annurev.fluid.30.1.329
https://doi.org/10.1029/2005jb003951
https://doi.org/10.1029/2005jb003951
https://doi.org/10.1016/j.advwatres.2009.08.009
https://doi.org/10.1029/2003wr002120
https://doi.org/10.1016/j.ijheatmasstransfer.2009.12.066
https://doi.org/10.1016/j.ijheatmasstransfer.2009.12.066
https://doi.org/10.1002/2014wr015959
https://doi.org/10.1016/j.cpc.2009.06.002
https://doi.org/10.1016/j.apm.2010.09.043
https://doi.org/10.1103/PhysRevE.70.066135
http://www.ncbi.nlm.nih.gov/pubmed/15697462
https://doi.org/10.1029/WR021i012p01861
https://doi.org/10.1029/WR021i012p01861
https://doi.org/10.1029/WR020i009p01209
https://doi.org/10.1371/journal.pone.0210741


49. van Genuchten MT. A closed-form equation for predicting the hydraulic conductivity of unsaturated

soils. Soil Science Society of America J. 1980; 44(5):892–8.

50. Brooks RH, Corey AT. Properties of porous media affecting fluid flow. Journal of Irrigation and Drainage

Division, Proceedings of the American Society of Civil Engineers. 1966; 92(IR 2):27.

51. Burdine NT. Relative permeability calculations from pore size distribution data. Transactions of the

American Institute of Mining and Metallurgical Engineers. 1953; 198:71–8.

52. Pineiro G, Perelman S, Guerschman JP, Paruelo JM. How to evaluate models: Observed vs. predicted

or predicted vs. observed? Ecological Modelling. 2008; 216(3–4):316–22. https://doi.org/10.1016/j.

ecolmodel.2008.05.006

53. Klein NS, Bachmann J, Aguado A, Toralles-Carbonari B. Evaluation of the wettability of mortar compo-

nent granular materials through contact angle measurements. Cement and Concrete Research. 2012;

42(12):1611–20. https://doi.org/10.1016/j.cemconres.2012.09.001

54. Corey AT, Rathjens CH. Effect of stratification on relative permeability. Transactions of the American

Institute of Mining and Metallurgical Engineers. 1956; 207(12):358–60.

Relative permeability for water and gas through fractures in cement

PLOS ONE | https://doi.org/10.1371/journal.pone.0210741 January 23, 2019 17 / 17

https://doi.org/10.1016/j.ecolmodel.2008.05.006
https://doi.org/10.1016/j.ecolmodel.2008.05.006
https://doi.org/10.1016/j.cemconres.2012.09.001
https://doi.org/10.1371/journal.pone.0210741

