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Abstract
The fluid flow and tracer transport in a single rock fracture during shear processes has been an
important issue in rock mechanics and is investigated in this thesis using Finite Element
Method (FEM) and streamline particle tracking method, considering evolutions of aperture
and transmissivity with shear displacement histories under different normal stresses, based on
laboratory tests.
The distributions of fracture aperture and its evolution during shear were calculated from the
initial aperture fields, based on the laser-scanned surface roughness features of replicas of
rock fracture specimens, and shear dilations measured during the coupled shear-flow-tracer
tests in laboratory performed using a newly developed testing apparatus in Nagasaki
University, Nagasaki, Japan. Three rock fractures of granite with different roughness
characteristics were used as parent samples from which nine plaster replicas were made and
coupled shear-flow tests was performed under three normal loading conditions (two levels of
constant normal loading (CNL) and one constant normal stiffness (CNS) conditions). In order
to visualize the tracer transport, transparent acrylic upper parts and plaster lower parts of the
fracture specimens were manufactured from an artificially created tensile fracture of
sandstone and the coupled shear-flow tests with fluid visualization was performed using a dye
tracer injected from upstream and a CCD camera to record the dye movement. A special
algorithm for treating the contact areas as zero-aperture elements was used to produce more
accurate flow field simulations by using FEM, which is important for continued simulations
of particle transport, but was often not properly treated in literature. The simulation results
agreed well with the flow rate data obtained from the laboratory tests, showing that complex
histories of fracture aperture and tortuous flow channels with changing normal stresses and
increasing shear displacements, which were also captured by the coupled shear-flow tests of
fracture specimens with visualization of the fluid flow. From the obtained flow velocity fields,
the particle transport was predicted by the streamline particle tracking method with calculated
flow velocity fields (vectors) from the flow simulations, obtaining results such as flow
velocity profiles, total flow rates, particle travel time, breakthrough curves and the Péclet
number, Pe, respectively.
The fluid flow in the vertical 2-D cross-sections of a rock fracture was also simulated by
solving both Navier-Stokes (NS) and Reynolds equations, and the particle transport was
predicted by streamline particle tracking method. The results obtained using NS and Reynolds
equations were compared to illustrate the degree of the validity of the Reynolds equation for
general applications in practice since the later is mush more computationally efficient for
large scale problems. The flow simulation results show that the total flow rate and the flow
velocity predicted by NS equations are quite different from that as predicted by the Reynolds
equation. The results show that a roughly 5-10 % overestimation on the flow rate is produced
when the Reynolds equation is used, and the ideal parabolic velocity profiles defined by the
local cubic law, when Reynolds equation is used, is no longer valid, especially when the
roughness feature of the fracture surfaces changes with shear. These deviations of flow rate
and flow velocity profiles across the fracture aperture have a significant impact on the particle
transport behavior and the associated properties, such as the travel time and Péclet number.
The deviations increase with increasing flow velocity and become more significant when
fracture aperture geometry changes with shear.
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The scientific findings from these studies provided new insights to the physical behavior of
fluid flow and mass transport in rock fractures which is the scientific basis for many rock
mechanics problems at the fundamental level, and with special importance to rock
engineering problems such as geothermal energy extraction (where flow rate in fractures
dominates the productivity of a geothermal energy reservoir) and nuclear waste repositories
(where radioactive nuclides transport through fractures dominates the final safety evaluations)
in fractured rocks .

Keywords: Numerical simulation, laboratory experiments, rock fracture, coupled
stress-flow-tracer test, shear displacement, fluid flow, particle transport, finite element method
(FEM), particle tracking method, Navier-Stokes equation, Reynolds equation,

streamline/velocity dispersion.
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Abstrakt
Vätskeflödet och spårämnestransporten i en enskild bergsspricka under skjuvningsprocesser
har varit ett viktigt ämne inom bergmekanik. I denna avhandling undersöks ämnet med hjälp
av finita element metoden (FEM) och en strömlinjebaserad partikelspårningsmetod. Hänsyn
tas till utveckling av öppningar och transmissivitet med skjuvningens förflyttningshistoria
under olika normala belastningar baserat på laboratorietester.
Fördelningen av spricköppningar och deras utveckling under skjuvning beräknades från de
initiala öppningsfälten baserat på det laserscannade provets ytas grovhetskännetecken samt
skjuvningsöppningar
uppmätta
under
de
kopplade
skjuvning-flöde-spårämnes
laboratorietesterna som utförts med nyutvecklad testapparatur i Nagasaki Universitet i
Nagasaki, Japan. Tre bergssprickor i granit med olika grovhetskarakteristika användes som
utgångsprover från vilka nio gipskopior gjordes. Kopplade skjuvning-flödes tester utfördes
sedan under tre normala belastningstillstånd (två nivåer med konstant normal last (KNL) och
en konstant normal styvhetstillstånd (KNS). För att visualisera spårämnestransporten
tillverkades en transparent övre del av sprickproverna av akryl och en nedre del av gips
baserat på en kostgjord spänningsspricka i sandsten och de kopplade skjuvning-flödes testerna
med vätskevisualisering utfördes med färgspårämne injekterat uppströms och en CCD kamera
monterad ovanför för att registrera färgens rörelse. En särskild algoritm användes för att
behandla kontaktytorna som nollöppningsämnen användes för att åstadkomma mer exakta
flödesfältssimuleringar med FEM. Detta är viktigt för kontinuerliga simuleringar av
partikelflöden men uppmärksammas oftast inte tillräckligt i litteraturen. Simuleringsresultaten
överensstämde väl med de flödesnivådata som erhölls från laboratorietesterna vilket visade att
komplexa historier av spricköppningar och invecklade flöden överensstämde med ändrade
normala belastningar och ökande skjuvningsförflyttningar, vilket även fångades av de
kopplade skjuvning-flödestesterna av sprickproverna genom visualisering av vätskeflödet.
Från de erhållna flödesfälten förutsågs partikeltransporten genom en strömlinjebaserad
partikelspårningsmetod
med
kalkylerade
flödeshastighetsfält
(vektorer)
från
flödessimuleringarna genom vilka resultat som flödeshastighetsprofiler, totala flödesnivåer,
partikeltransporttid, genombrottskurvor samt Pécletnumret, Pe, erhölls.
Vätskeflödet i det vertikala tvådimensionella tvärsnittet av en bergsspricka simulerades även
genom att både Navier-Stokes (NS) och Reynoldsekvationerna löstes och partikeltransporten
förutsågs genom den strömlinjebaserade partikelspårningsmetoden. Resultaten som erhölls
med NS och Reynoldsekvationerna jämfördes för att illustrera graden av tillförlitlighet för
Reynoldsekvationen för allmänna tillämpningar i praktiken då den senare är betydligt mer
beräkningseffektiv för storskaliga problem. Resultaten från flödessimuleringarna visar att den
totala flödesnivån och den totala flödeshastigheten förutsedda med NS ekvationer är helt
annorlunda motsvarande värden som förutsågs med Reynoldsekvationen. Resultaten visar att
en ca 5-10 % för hög uppskattning av flödesnivån erhålls då Reynoldsekvationen används och
de ideala parabola hastighetsprofilerna, som definieras av den lokala kubiklagen när
Reynoldsekvationen används, inte längre är giltiga särskilt när sprickytornas
grovhetskarakteristika ändras med skjuvning. De här avvikelserna i flödesnivå och
flödeshastighetsprofiler längs med spricköppningen har en betydande påverkan på
partikeltransportuppträdande och de tillhörande egenskaperna såsom rörelsetid och
Pécletnummer. Avvikelserna ökar med ökande flödeshastighet och blir mer signifikanta när
spricköppningarnas geometri ändras med skjuvning.
Forskningsresultaten från dessa studier gav nya insikter i de fysiska uppträdandet av
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vätskeflöde och masstransporter i bergssprickor vilket är den vetenskapliga basen för många
bergmekanikproblem på grundläggande nivå och som har särskild vikt för
bergstekniksproblem såsom geotermisk energiutvinning (där flödesnivå i sprickor dominerar
produktiviteten för en geotermisk energikälla) och kärnavfallsförvaringsplatser (där
transporten av radioaktiva nuklider genom sprickor dominerar den slutgiltiga
säkerhetsutvärderingen) i sprickigt berg.
Nyckelbegrepp: Numerisk simulering, laboratorie-experiment, enskild bergspricka, kopplade
belastnings-, flödes- och spårämnesförsök, skjuvningens förflyttningshistoria, vätskeflöde,
partikeltransport, finita element metoden (FEM), partikelspårningsmetod, Navier-Stokes
ekvation, Reynolds ekvation, strömlinjes- och hastighetsdispersion.
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概要
放射性廃棄物の地層処分あるいは各種エネルギーの地下施設に代表される，岩盤自体
が有する剛性，密閉性，隔離性といった特徴を最大限に生かす岩盤構造物の設計，施
工および維持管理のためには，岩盤の諸特性を精度良く把握するが必要である．花崗
岩などの結晶質岩においては，岩盤の力学および水理学的挙動は，内在する不連続面
のそれらに大きく支配されため，岩盤不連続面の力学・透水特性およびそれらの連成
特性の適切かつ詳細な把握が必要かつ重要である．
本研究では，長崎大学で実施したせん断－透水同時試験より得られた計測データ（岩
盤単一不連続面の幾何学情報および力学試験の結果）を基に，不連続面内の開口幅の
分布およびせん断時におけるその変化を推定し，各せん断変位において流体の流れお
よび物質移行のシミュレーションを行った．
3 種類の異なる表面幾何学形状を有する岩盤不連続面の模擬供試体を用い，異なる鉛
直載荷条件下，すなわち，鉛直応力一定および鉛直剛性一定下において，せん断―透
水同時試験を実施した．不連続面の幾何学形状は３Ｄレーザースキャナーにより計測
を行い，また，せん断試験中の流れの可視化に際しては，トレーサーとして染料を，
上面にアクリルで作成した透明な不連続面供試体を用い，せん断箱上部に設置したＣ
ＣＤカメラにより，不連続面内の流体の流れおよびせん断時におけるその変化を観察
した．
流れの数値解析では，有限要素法により流れの支配方程式であるレイノルズ方程式を
解き，物質移行のシミュレーションには，粒子が流線に沿って移動する，粒子追跡法
を用いた．流れの数値解析より得られた結果は，せん断―透水同時試験により得られ
た透水流量および可視化画像と比較を行い，物質移行に関しては，粒子移動時間，ブ
レイクスルーカーブ，およびペクレ数によりその特性の評価を行った．流れのシミュ
レーションに際し，不連続面同士が接触する領域においては，開口幅をゼロとし，接
触領域内に流れが生じないようなアルゴリズムを導入することで，より現実的な数値
解析モデルを作成した．解析の結果は室内試験の結果とよく一致し，岩盤単一不連続
面内の流体の複雑かつ屈曲した流れ，さらには鉛直応力およびせん断変位作用下での
その変化を捉えることができた．
また，上記の計測より得られた岩盤単一不連続面の 2 次元の鉛直断面形状を用い，異
なる流れの支配方程式，すなわちレイノルズ方程式あるいは，より一般的なナビエ・
ストークス方程式を解いた場合に生じる流れの場（流速分布）の相違，さらにそれが
物質移行およびその特性に与える影響について調べた．異なる支配方程式を解くこと
による差異は流量において 5～10％程度であったが，流速分布には相当の相違がみら
れ，レイノルズ方程式を解く際の仮定，すなわち流速の放物線分布および三乗則は成
立しなくなるが示された．この流速分布の相違が物質移行特性，例えば粒子移動時間
やペクレ数などに与える影響は無視できず，その影響は流速が速くなるほど大きくな
ることが確認された．
本研究により得られた知見は，岩盤単一不連続面内の流体の流れおよび物質移行に関
する基礎的なものであり，岩盤工学における様々な問題に適用が可能である．例えば，
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不連続面の透水流量の把握は高温岩体発電の生産性および効率性の評価において重
要であり，また，放射性廃棄物の地層処分における施設の安全性評価において，地下
水シナリオに基づいた放射性核種の移行の評価は重要である．

キーワード: 数値シミュレーション，室内試験，岩盤不連続面，せん断－透水―トレーサー
同時試験，せん断変位，流体流れ，物質移行，有限要素法，粒子追跡法，ナビエ・ストーク
ス方程式，レイノルズ方程式，分散現象
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1

Introduction

1.1 Background
The coupled processes of heat transfer (T), fluid flow (H) and mechanical deformation (M),
the so-called T-H-M coupled processes (Hart, 1981; Hart and St John, 1986; Tsang, 1987,
1990) along with additional chemical (C) effects considered, the so called T-H-M-C coupled
processes (Tsang, 1987) in rock fractures (Fig. 1.1), are increasingly important research topics,
mainly due to the demands for the design, construction, operation and performance/safety
assessments of underground radioactive waste repositories and other civil and environmental
engineering works such as dam foundations, slopes, underground storage caverns, oil/gas
reservoir engineering and geothermal energy extraction. Extensive research on fundamental
aspects of coupled THMC processes in rock fractures have been conducted in national
programs and international co-operation projects about nuclear waste disposal in the world,
with the typical example of the international DECOVALEX (DEvelopment of COupled

fluid pressure,
velocity &
saturation change

Stress corrosion

CHEMICAL

mineral dissolution
& precipitation

(chemical reactions and
transport)
heat generation temperature effects on chemical
reaction rate & phase change

THERMAL
(heat flow due to heat release
of radioactive waste)
Phase change
Heat
Water buoyancy convection

HYDROLOGICAL
(ground water flow through
rock matrix and fractures)

Thermal
Mechanical
energy conversion stress/expansion
Water pressure

Change of porosity
and apertures

MECHANICAL
(deformation of rock matrix
and rock fracture)

Fig. 1.1. Coupled thermo-hydro-mechanical-chemical (T-H-M-C) processes in a fractured
rock mass; thickness of arrow indicates strength of the connection.
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(b)

(a)

Fig. 1.2. Effects of tunnel excavation on the fluid flow and particle transport phenomena in
the fractured rock mass, a) during/after excavation and b) after setting nuclear waste and
backfill, where the area colored by pink presents the EDZ and red and blue arrows are shear
displacement and flow directions along the fractures.

models and their VALidation against EXperiments) project series (Stephansson et al., 1996,
2004).
When excavating tunnels in a fractured rock mass, redistribution of in-situ stresses occurs
around the tunnels, and this will provoke deformation along the fractures, especially in the
near-field, which will consequently change the flow and transport characteristics of the
fractures and the fractured rock masses. Figure 1.2 shows schematically how a tunnel
excavation affects water flow along fractures in the near-field zone of a tunnel, before and
after the excavation with or without backfill. In this zone, a change of the stresses may
produce shear and opening of fractures, which causes increased permeability of the fracture,
leading to changed flow directions, flow rates and consequently different particle transport
behaviours. It is observed from in-situ EDZ (Excavation Disturbed Zone) experiments, that a
more significant change of flow occurs in the direction parallel with the axes of the tunnels
(Pusch, 1989).
As far as laboratory tests for rough rock fractures are concerned, laboratory studies focusing
on the effect of both normal and shear stresses on fluid flow through rock fractures, so-called
coupled shear-flow tests, have been a particular attraction due to its importance to understand
and quantify the coupled stress-flow behaviors of fractured rocks. Most works focused mainly
on the effect of variable apertures and asperity geometry due to normal stress alone (e.g. Iwai,
1976; Witherspoon et al., 1979; Raven and Gale, 1985; Pyrak-Nolte et al., 1987; Iwano and
Einstein, 1995) or both normal and shear stresses (e.g. Makurat et al., 1990a, 1990b; Olsson
and Brown, 1993a, 1993b; Gentier et al., 1997; Yeo et al., 1998; Esaki et al., 1999; Olsson
and Barton, 2001; Cheon et al., 2002; Hans and Boulon, 2003; Mitani et al., 2003), with fluid
flows only in the rock fractures. Under the DECOVALEX project, two laboratory
experiments were conducted to better understand the coupled H-M behavior of the natural
rock fractures as well as to establish a basis for comparison with numerical simulations. The
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first experiment was conducted at the Norwegian Geotechnical Institute (NGI) using their
coupled shear-flow test device. The experimental results were compared with numerical
predictions, where several computer programs with different constitutive models of fractures
were used. The second experiment was conducted at the Center for Nuclear Waste Regulatory
Analyses (CNWRA) using a direct shear device, modified to include fluid flow in a fracture.
A comprehensive summary of these experiments and modeling works can be seen in several
project reports and journal papers (Makurat et al., 1995; Ahola, 1995; Ahola et al., 1996;
Pöllä et al., 1995, 1996; Jing et al., 1993, 1994, 1995a, 1995b, 1996). These coupled
stress-flow tests mentioned above focused on mainly one-way coupled processes represented
by the arrow from ‘mechanical’ to ‘hydrological’ in Fig. 1.1. The opposite arrow, from
‘hydrological’ to ‘mechanical’, was not considered but it could be equally important for
different problems such as the hydro-fracturing processes.
In recent years, coupled thermal and chemical effects on fluid flow and/or mechanical
deformation during laboratory and field experiments appeared in the literature (Bilgin and
Pasamehmetoglu, 1990; Zhao, 1987, 1992; Zhao and Brown, 1992a, 1992b; Elsworth, 2004;
Polak et al., 2003a, 2004; Yasuhara et al., 2003, 2004a, 2004b, 2006a, 2006b; Liu et al., 2005,
2006; Elsworth and Yasuhara, 2006; Yasuhara and Elsworth, 2006a, 2006b), but the data set
thus generated is still too small to support a more comprehensive understanding of the whole
spectrum of coupled THMC processes of rock fractures. The coupled HM processes remain
the dominant concern, due to their more direct impact on engineering design considerations.
Many of the coupled shear-flow tests have been performed under constant normal
loading/stress (CNL) condition and some new tests under constant normal stiffness (CNS)
condition were reported recently (Olsson and Barton, 2001; Li et al., 2006). The CNL
condition corresponds to the in-situ conditions such as non-reinforced rock slopes. For deep
underground openings or anchor-reinforced rock slopes, more representative in situ condition
of rock fractures would be the one under CNS condition (Jiang et al., 2004c, 2006). Coupled
shear-flow tests have been generally performed with either parallel (linear) or radial flow
conditions, in which the flow direction is either parallel with the shear direction, or radial
from the center of the fracture specimen. This is mainly due to limitations set by the
experimental difficulties. One particular difficulty in testing fluid flows in rock fractures with
shear is the fact that sealing of fluid during shear process is difficult enough for
one-dimensional linear flow along the shear direction. However more heterogeneous,
anisotropic and conductive flow behaviour was observed in the direction perpendicular to the
shear displacement (Yeo et al., 1998). This shear-induced heterogeneity and anisotropy of
flow in fractures were also investigated numerically (e.g. Kim et al., 2004; Koyama et al.,
2006; Matsuki et al., 2006). The limitations of the studies reported by Yeo et al. (1998) and
Kim et al. (2004) are that the small shear displacements (up to 2 mm) considered may not be
large enough for very rough fractures to highlight significant changes (Koyama et al., 2006).
The increase of flow rate in the direction perpendicular to the shear direction is of great
importance for fundamental understanding of the coupled hydro-mechanical behaviour of
rock fractures, and for design and result evaluation of experiments on fluid flow in fractures.
It also has significant influence on the enhancement and validation of numerical models and
codes for coupled hydro-mechanical processes of fractured rocks, especially discrete element
methods (Cundall, 1971; Hart and St John, 1986; ITASCA, 2000, 2003; Shi and Goodman,
1985; Kim et al., 1999; Jing et al., 2001) and discrete fracture network (DFN) models
(Herbert, 1996; Dershowitz et al., 1998) where fluid flow in fractures plays a central role in
the processes of stress/deformation and heat/mass transport.
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Many efforts have also been made to test fluid flow and tracer transport processes in rock
fractures, with or without flow visualization and normal stress (e.g. Brown et al., 1998;
Detwiler et al., 1999; Renshaw et al., 2000; Xiao et al., 2006). It was found that fluid flows in
rock fractures through connected and tortuous channels that bypass the contact areas.
However, the effects of contacts and the flow channel distribution patterns on the fluid flow
and tracer transport processes in a rock fracture and their change due to both normal and shear
displacements/stresses have not been fully understood, even though the effect of the
mechanical processes on the transport phenomena has been investigated experimentally and
numerically by considering normal stresses without shear (Plouraboue et al., 2000; Thompson,
1991; Jeong and Song, 2005) and shear displacement without (or very weak) normal stress
(Plouraboue et al., 2000; Koyama, 2005; Auradou et al., 2005, 2006). This is mainly due to
the difficulties of quantitative measurements of changing fracture surface roughness and
aperture during laboratory coupled stress-flow tests, especially the contact areas, as well as a
number of technical difficulties exist in laboratory shear-flow testing, most notably the
sealing of fluid during shear. These recent studies represent a significant step forward in
deepening our qualitative understanding of the hydro-mechanical and transport behavior of
rough rock fractures.
Field tracer tests are usually carried out by withdrawing water from a borehole, creating a
convergent flow field that attracts the tracers, which are injected in other points and travel to
the borehole along with the fluid flow. Assuming that there is a parallel regional flow in the
plane of the fracture, the two opposite sides of the fracture will have a constant hydraulic head
gradient. For each direction of the pressure gradient, the fluid will seek the paths of least
resistance. While zones with small aperture values usually have very little flow, it is possible
that zones with large apertures may also not have large flow because they may not be
connected to the main flow paths due to constrictions by the nearby fractures (Tsang and
Tsang, 1989). If a tracer is injected in the fracture, it is expected to follow paths of higher
flow rates or larger apertures. The pattern of the flow paths is strongly dependent on the
aperture distribution near the injection point. From the experiment carried out by Abelin et al.
(1991a, 1991b), it was found that flow took place in channels that were not connected to each
other. Nevertheless, large-scale field experiments are scarce, because they are very expensive
and require careful preparations. Another drawback of field experiments is the fact that the
fracture distribution and the aperture values of the fractures inside the rock mass remain
largely unknown.
Numerical modelling for fluid flow and solute transport in rough rock fractures were carried
out by many researchers (Neretnieks et al., 1982; Moreno et al., 1988, 1990; Tsang et al.,
1988; Thompson, 1991; Thompson and Brown, 1991; Wendland and Himmelsbach, 2002).
Many of them used geostatistical or fractal methods to artificially generate fracture
geometry/aperture fields. They concluded that due to the roughness of the fractures, fluid flow
follows some dominant paths or channels, which offer the least resistance. Some sophisticated
reactive transport models have been proposed, considering retardation mechanisms such as
matrix diffusion and sorption (Cvetkovic, 1991; Kennedy et al., 1995; Cvetkovic et al., 1999).
However, the effects of stress history, especially shearing processes, on the flow and particle
transport have not been taken into account. On the other hand, flow simulations considering
the effect of normal and shear stresses were reported, using scanned/artificially generated
rough fracture surfaces (e.g., Yeo et al., 1998; Lespinasse and Sausse, 2000; Mitani et al.,
2003; Du et al., 2004; Matsuki et al., 2004; Koyama et al., 2006a). However, in these works,
due to numerical difficulties, very small aperture values were assigned to contact areas to
avoid solving ill-formed matrix equations for fluid flow. Therefore, there still exist some
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artificial flows inside the contact areas, despite that they are small in magnitudes. Such
treatment of contact areas as non-zero aperture elements is not only physically nonrealistic,
but may have more significant effects on the particle transport simulations since such
fluid-conducting contact areas will change the particle transport paths, which may affect the
estimations of travel time, dispersivity and tortuosity. The methodology to evaluate the
variable aperture under normal and shear loading is an essential issue in such studies.
In the above experimental and numerical works, the validity of the cubic law is generally
assumed. Further, a mean value of the velocity of the ideal parabolic velocity profile across
the fracture aperture, which is equal to 2/3 of the maximum velocity of the parabolic profile
according to the Reynolds equation, was generally used for the flow calculations. The more
sophisticated Navier-Stokes (NS) equation is rarely applied in fluid flow analysis in fractures
due to the numerical difficulties for its solution with complicated geometry of rough rock
fractures, especially in 3D. When particle transport is concerned, the representation of the
complete velocity profiles across the aperture, ideally parabolic or not, are required. This is
due to the fact that the different flow velocities across the aperture cause different particle
travel paths and times, which is well known as streamline/velocity dispersion (Koplik et al.,
1993; Grindrod and Lee, 1997; Detwiler et al., 2000; Boutt et al., 2006), and therefore affects
the final evaluation of the particle transport behavior and properties, such as break-through
curves and Péclet number.

1.2 Objectives
The overall objective of this thesis is to study coupled fluid flow and particle transport
processes in rough fractures during shear with different types of normal loading conditions
(CNL and CNS conditions), both experimentally and numerically. The laboratory tests of
fluid flow in three fracture replicas under different normal stresses and stiffness conditions
were simulated by using numerical simulations with Finite Element Method (FEM),
considering simulated evolutions of aperture and transmissivity with large shear
displacements. The distributions of fracture aperture and its evolution and the flow rate during
shearing were calculated from the initial aperture and shear dilations and compared with
results measured in the laboratory coupled shear-flow tests. The contact areas in the fractures
were treated correctly with zero aperture values with a special algorism so that more realistic
flow velocity fields and potential particle paths were captured, which is important for
continued works on more realistic simulations of particle transport. The other objective is to
examine the differences in simulating fluid flow behavior of rock fractures when more
theoretically sophisticated NS equation and its much simplified form as the Reynolds
equation were used, and their impacts on the studies of fluid flow in rough fractures during
mechanical shear, which, in turn, affects the flow velocity fields/profiles and particle transport
phenomena, especially streamline/velocity dispersion.

1.3 Thesis structure
In the following chapters, first a chapter of literature review is presented concerning the
measurement and characterization of fracture roughness and aperture, coupled T-H-M-C tests
(mainly coupled stress-flow tests) for rock fractures, and numerical simulation of fluid flow
and particle transport in the fractures (Chapter 2). Next, laboratory coupled shear-flow tests
without/with flow visualization carried out at Nagasaki University, Nagasaki, Japan were
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reported (Chapter 3). The numerical simulations of fluid flow and particle transport within a
variable transmissivity field due to shearing processes, which is measured during the
experiments, were carried out using FEM and the streamline particle tracking method, are
then reported (Chapter 4). The simulations were carried out with the same flow boundary
condition (unidirectional flow parallel with shear direction) and the results were compared.
The unidirectional flow perpendicular to the shear direction was also simulated to investigate
the shear induced flow anisotropy. Particle movements were predicted and transport
properties and their evolutions during shear were studied. In Chapter 5, the fluid flow in a
vertical 2-D cross-sections of rock fracture was simulated by solving both NS and Reynolds
equations, and the particle transport was predicted by the streamline particle tracking method
with calculated flow velocity fields (vectors) from the flow simulations, obtaining results such
as flow velocity profiles, total flow rates, particle travel time, breakthrough curves and the
Péclet number, Pe, respectively. Further discussions of the methodology and results were
made in Chapter 6. Conclusions are drawn in Chapter 7. Finally, some recommendations for
future research are stated in Chapter 8.
Fig. 1.3 shows the outline of the thesis structure and its relation to published and/or submitted
journal and conference papers. Table 1.1 shows a summary of the main methodology for
characterization of aperture/transmissivity, flow and particle transport calculations, along with
the hydro-mechanical conditions for the simulations in each paper.
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Chapter 1
Introduction and Objectives

Coupled stress-flow-transport process
Change of apertures

MECHANICAL

HYDROLOGICAL

(deformation of rock fracture)

(ground water flow through
rock fractures)

Water pressure

Chapter 2
Literature Review

TRANSPORT
(particle transport through
rock fractures)

Chapter 3
Experimental study
Coupled shear-flow tests in Nagasaki University, Nagasaki, Japan
• without flow visualization → Paper I
• with flow visualization (coupled shear-flow-tracer tests) → Paper V

Chapter 4
Numerical Simulations of Fluid Flow and Particle Transport
• Fluid flow (FEM solution of the Reynolds equation)
- Numerical simulation of laboratory coupled shear-flow tests without flow visualization
(Comparison of results between laboratory tests and numerical simulation)
→ Paper II & III
- Numerical simulation of laboratory coupled shear-flow tests with flow visualization
(Comparison of results between laboratory tests and numerical simulation)
→ Paper V
- Numerical prediction of flow anisotropy (prediction) → Paper III
• Particle transport (Streamline particle tracking method)
- Prediction of tracer movements
- Evaluation of transport properties and their evolution during shear

→ Paper VI

Chapter 5
Comparative study between Navier-Stokes (NS) and Reynolds equations
• Fluid flow (FEM solving NS and/or Reynolds equations)
- Comparison of flow fields
• Particle transport (Streamline particle tracking method)
- The effect of different flow fields on the particle transport

Chapter 6
Discussion

Chapter 7
Conclusion

Chapter 8
Recommendation for future research

Fig. 1.3 Outline of the thesis.
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Table 1.1 Summary of main methodology and the condition of the simulation for each paper
(It should be noted that the contents of Paper VII-XI not included in the main part of this
thesis but appended at the end. For the information of papers, see Preface).
Main features
Experiment/Num
erical simulation
Shearing process
Normal loading
conditions1
Flow condition2
Flow calculation
Particle transport
Focused issues
Main features
Experiment/Num
erical simulation
Shearing process
Normal loading
conditions1
Flow condition2
Flow calculation
Particle transport
Focused issues
Main features
Experiment/Num
erical simulation
Shearing process
Normal loading
conditions

Paper I

Paper II

Paper III

Experiment

Numerical simulation

Numerical simulation

Translational

Translational

Translational

CNL/CNS

CNL/CNS

CNL/CNS

Unidirectional (//)
• CNL/CNS conditions
• Applying large shear
displacements
Paper IV
Numerical simulation
Translational

Unidirectional (//)
EFM (Reynolds Eq.)
• Comparison of results
between experiment
(Paper I) and simulation
Paper V
Experiment/Numerical
simulation
Translational

Unidirectional (//)
EFM (NS &Reynolds Eqs.)
Streamline article tracking
• Comparison of NS and
Reynolds eqs.

Paper VII

Unidirectional (// or ⊥ )
EFM (Reynolds Eq.)
Streamline article tracking
• Shear-induced flow
isotropy

Paper VI
Numerical simulation
Translational

CNL
Unidirectional (//)
EFM (Reynolds Eq.)
• Flow visualization
• Comparison of results
between experiment and
simulation
Paper VIII

CNL
Unidirectional (// or ⊥ )
EFM (Reynolds Eq.)
Streamline article tracking
• Evaluation of transport
properties and their
evolution during shear

Paper IX

Numerical simulation

Numerical simulation

Numerical simulation

Translational (T)/rotary (R)

Translational

Translational

-

-

-

Flow calculation
Particle transport

Radial (R) / Bi-directional
(T)
EFM (Reynolds Eq.)
-

Unidirectional (// or ⊥ ) and
Bi-directional
EFM (Reynolds Eq.)
Streamline article tracking

Focused issues

• The effect of rotary shear
• Bi-directional flow

Paper X

Unidirectional (// or ⊥ ) and
radial
EFM (Reynolds Eq.)
• Characterization of
aperture/transmissivity
(fractal analysis)
• Size effect on the flow
Paper XI

Numerical simulation

Numerical simulation

Translational/rotary

Translational

-

-

Flow condition2

Main features
Experiment/Num
erical simulation
Shearing process
Normal loading
conditions
Flow condition2
Flow calculation
Particle transport

• Bi-directional flow and
particle transport

Radial
Unidirectional (// or ⊥ )
EFM (Reynolds Eq.)
EFM (Reynolds Eq.)
Streamline article tracking
Streamline article tracking
• The effect of different
• Evaluation of transport
shearing processes on the
Focused issues
properties and their
flow and particle
evolution during shear
transport
1
CNL (Constant Normal Loading) and CNS(Constant Normal Stiffness) conditions.
2
Unidirectional flows parallel with (//) and perpendicular to ( ⊥ ) the shear direction.
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2

Literature review and motivation of the study

2.1 Aperture measurements and their characterizations
2.1.1 Aperture measurements
Several techniques have been proposed to measure fracture void geometry/aperture, and most
of them are based on laboratory measurements. According to Hakami et al. (1995), the
commonly used measuring techniques can be categorized into three groups: 1) surface
topography, 2) injection and 3) casting, as shown in Fig. 2.1.
1) Surface topography approach
In the surface topography approach, the topography of the two fracture surfaces is measured
using a profilometer, a mechanical device which has a stylus that moves on the fracture
surface to record its topographic height at regular grid points (Brown and Sholz, 1985, 1986;
Brown et al., 1986; Gentier, 1987; Matsuki et al. 1995) or a laser beam profilometer (Iwano
and Einstein, 1993, 1995; Iwano, 1995; Lanaro, 2000, 2001; Sakaguchi et al., 2002; Fardin,
2003; Koyama et al., 2006a; Sharifzadeh et al., 2006). The aperture is defined as the distance
between the two fracture surfaces in the direction perpendicular to a reference plane that is
assumed to be parallel to the overall fracture surfaces (Fig. 2.2a and b). By measuring the
fracture surface directly, the fracture surface profiles can be obtained very accurately.
However, once both surfaces are separated, it is very difficult to reproduce their

Figure 2.1. Different methods to measure fracture void space geometry (Hakami et al.,
1995).
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a)
b)
Figure 2.2. Two rough fracture surface a) profiles (Zimmerman and Main, 2004) and b)
planes (Hakami et al., 1995), separated by aperture b.

original positions for accurate aperture determination - the so-called relocation errors. A
technique of using reference spheres can be applied to reduce this relocation error
considerably (Lanaro, 2000).
2) Injection approach
Wood’s metal (a low melting point metal) (Pyrak-Nolte et al., 1987; Yasuhara et al., 2006a),
resin (Hakami and Stephansson, 1993; Gale, 1987; Gale et al., 1990; Baraka-Lokmane, 2002),
epoxy (Hakami and Larsson, 1996) or cement grout (Hakami, 1994) have been used to fill up
the void spaces of fractures. The specimen containing the fracture can be cut into slices after
injection and the aperture is then measured as the thickness of the injected materials by
photo-microscope and image analysis techniques. Since this method can measure void
space/aperture directly, reliable data can be obtained. Pyrak-Nolte et al. (1987) observed void
space of a single rock fracture by injecting Wood’s metal at different normal stress levels of 3,
33 and 85 MPa. Baraka-Lokmane (2002) used resin of very low viscosity and rapid hardening
speed to measure the fracture void space of sandstone, and successfully measured void spaces
as small as 10-50 µm. However, whether or not the void space is completely filled with
injected materials or not is questionable, especially when the fracture aperture is very small,
such as under very high normal stress conditions.
3) Casting approach
The casting approach is to make a replica of the void space between the fracture surfaces, or
to make replicas of the fracture apertures (Gentier et al., 1989; Billaux and Gentier, 1990;
Hakami and Barton, 1990; Hakami, 1995; Gentier and Hopkins, 1997; Yeo et al., 1998;
Kostakis et al., 2003). Since the specimen is not broken, this approach can be applied for the
same specimen for several times. However this approach has the same drawbacks as the
injection approach.
A new technique is the X-ray computerized tomography (X-ray CT). This technique (Fig. 2.3)
employs the transmission of attenuated X-rays through media consisting of different densities
and elements, allowing one to visualize the inner structure of an object in a non-invasive
manner. The X-ray CT was originally developed in the medical field, and was applied to rock
mechanics by improving its resolution, i.e., visualization of heterogeneous micro-structure of
rocks (Verhelst et al., 1995) and micro-crack propagation (Sugawara et al., 1997),
visualization of fluid flow and saturation/porosity/permeability measurement of sedimentary
10
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(porous) rocks (Sugawara et al. 1998a, 1999; Withjack and Durham, 2001; Sato et al., 2002),
measurement of tracer diffusion into rock matrix (Nakashima, 2000; Tidwell et al., 2000;
Polak et al. 2003b; Nakashima et al., 2004), tracer migration in rock fractures (Sato and
Sawada, 2007), and visualization of fluid flow within deformed rocks (Hirono et al. 2003).
The X-ray CT was also used to measure fracture aperture (Johns et al., 1993; Pyrak-Nolte et
al. 1997; Keller, 1997, 1998; Sugawara et al. 1998b, Keller et al., 1999; Montemagno and
Pyrak-Nolte, 1999; Bertels and DiCarlo., 2001; Yoshino et al., 2003; Sato et al., 2004; Sato
and Sawada, 2007) and to detect contact areas (Re and Scavia, 1999). The X-ray CT is a
non-invasive and non-destructive technique. Therefore, one can perform multiple repeated
measurements in a short time without any damage to the specimen; this is the most attractive
aspect of the X-ray CT technique. However, there is still a limitation of resolution to measure
very small fracture apertures. According to the measurements by Johns (1993) using
crystalline rock core samples, the smallest fracture apertures measured were on the order of
50 µm. Keller (1997, 1998) also pointed out that the fracture aperture resolution of X-ray CT
scanning is around 35 µm, which is somewhat larger than the dimensions of pore throats in
typical porous media (~1 to 30 µm), and could be much higher than initial apertures of many
small fractures in crystalline rocks (such as granite). Especially for larger/thicker rock
samples, the X-ray penetration rate becomes lower. The CT number also tends to vary widely,
especially for crystalline rocks, due to the heterogeneity of rock minerals, comparing with
sedimentary rocks. Hence, it may be difficult to detect the fracture apertures at small scales
and to determine the threshold of CT number for the aperture (Yoshino et al., 2003). Fig. 2.4
shows the typical result obtained from the measurement of a rock fracture using X-ray CT and
how to determine the aperture. This method is also very expensive.
The direct measurement techniques of aperture, i.e., injecting and casting methods, are still
the preferred techniques to obtain accurate initial values of fracture aperture, and the surface
topography approach with reference spheres may also be used if a high resolution laser
scanner is available. However, they, as all techniques presented above, cannot be applied
when normal loading is required, and/or during shearing processes. The X-ray CT has the
possibility to measure the aperture variation during shearing if only the difficulties in
installing the mechanical direct shear testing device into a X-ray CT chamber can be resolved.

(a)

(b)

Fig. 2.3. The X-ray CT scanner, a) schematic illustration of the gantry unit (Nakashima,
2000) and b) system composition (Sugawara et al., 1998a, 1998b, 1999).
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(a)

(b)
Fig. 2.4. Fracture aperture measurement using X-ray CT, a) an example and b) the
determination of fracture aperture (modified from Yoshino et al., 2003).

Recently, Geographic Information System (GIS) was also used to simulate the shearing
process and visualize the changes of aperture distributions (Mitani et al., 2000, 2003, 2005a;
Du et al., 2004; Sharifzadeh et al., 2004a, 2004b, 2006), but mainly served as the numerical
treatment and/or visualization tools.
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2.1.2 Characterizations of aperture distribution of a rock fracture
The aperture distributions of rock fractures have been measured by using the
above-mentioned techniques, and different aperture distributions have been proposed so far:
1) normal or log-normal distributions (Snow, 1970; Gale, 1987, 1990; Gentier, 1990; Hakami
and Barton, 1990; Johns et al., 1993; Hakami, 1995; Iwano and Einstein, 1995; Iwano, 1995;
Keller, 1997) and 2) Gaussian distribution (Montemagno and Pyrak-Nolte, 1999; Lanaro,
2000, 2001; Lanaro and Stephansson, 2003).
For characterization of fracture apertures, another parameter is the correlation length. It gives
an idea of how abruptly the aperture changes over the fracture surface area. Fractures with
longer correlation length will have contact areas more separated between them (thus creating
few channels in which the vast majority of the underground water will flow), as compared to
fractures with shorter correlation length. It is possible to quantitatively analyze the correlation
length with geostatistical methods using variograms or correograms (Hakami, 1996).
Brown et al. (1986) measured matched profiles of both halves of natural fractures and
calculated the power spectrum of their composite topography (aperture). It was found that the
local aperture distribution has a power law spectrum at high spatial frequencies (short
wavelengths) but flattens out at low spatial frequencies (long wavelengths). From the
crossover between the power law behaviour and the flat spectrum, the mismatch length scale
can be defined. This mismatch length scale is an important parameter to define the roughness
of a fracture.
A self-affine fractal model was proposed to characterize the fracture aperture by Lanaro
(2000) as

σ a2 = Ga h 2 H

a

(2.1)

where h is the sampling size, Ha is the Hurst exponent of the aperture, and Ga is a
proportionality constant for the aperture variance σ a2 . The Hurst exponent of a fracture
aperture varies between 0 and 1, in contrast to the Hurst exponent of its surface roughness, for
which H > 0.5 (Lanaro, 2000).
Characterization of the evolution of the aperture distribution during shear was also studied in
literature. Sharifzadeh et al. (2004a, 2004b, 2006) measured fracture aperture and its
evolution during shear using 3D-laser scanned rough profiles. Shearing processes were
numerically simulated, and aperture was measured at every shearing stages using GIS. It was
found that the aperture frequency distribution follows a Poisson distribution in the early
shearing stage, but shows a good agreement with a normal distribution with increasing shear
displacement. Fardin (2003) and Koyama et al. (2004, 2006a) characterized aperture of a rock
fracture sample and its evolution during shear (without normal stress) as well as their scale
dependency using a fractal approach. It was found that both the Hurst exponent, Ha and the
proportionality constant, Ga in Eq. (2.1) increase with increasing shear displacement, which
means that the distribution of fracture aperture becomes more correlated with increasing shear
displacement, according to the definition proposed by Lanaro (2000).
However a quantitative evaluation of anisotropy of aperture distributions has not been
performed except the work done by Koyama (2005), in which spatial correlation of aperture
and its evolution during translational and rotary shear were quantitatively studied using
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semi-variograms. It was found that aperture values become much less correlated in the
direction parallel with the shear direction, compared with the direction perpendicular to the
shear direction. The correlation length of the fracture aperture changes during translational
shear, and a theoretical sill cannot be reached with the sample sizes used in that study. On the
other hand, rotary shear induces an isotropic aperture field with higher correlation in all
directions. Auradou et al. (2006) performed similar analysis by calculating semi-variograms
of the aperture fields and the results show that a correlation length is proportional to the
magnitude of the shear displacement for a given orientation, and is significantly larger in the
direction perpendicular to the shear.
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2.2 Coupled stress-flow tests for rock fractures in laboratory
2.2.1 Coupled normal stress-flow tests
Coupled normal stress-fluid flow tests on rock fractures have been conducted extensively
since the 1970s (Gale, 1975, 1982, 1987; Iwai, 1976; Kranz et al. 1979; Detournay, 1980;
Engelder and Scholz, 1981; Elliot et al., 1985; Raven and Gale, 1985; Schrauf and Evans,
1986; Gentier, 1987; Pyrak-Nolte et al., 1987; Sundaram et al., 1987; Gale et al., 1990; Esaki
et al. 1991; Boulon et al., 1993; Olsson and Brown, 1993a, 1993b; Durham & Bonner, 1994;
Iwano, 1995; Iwano and Einstein,1995; Lamas, 1995; Pöllä et al., 1995, 1996; Gentier et al.,
1996; Niemi et al., 1997; Kusumi et al., 1998; Gutierrez et al., 2000; Pyrak-Nolte and Morris,
2000; Lee and Cho, 2002). The fluid flow can be either linear (along one axis of the sample)
or radial (flow from the center of the sample) under a constant hydraulic head/pressure during
cyclic normal stress (repeated loading and unloading) paths. The different types of coupled
normal stress-flow apparatuses developed so far are shown in Figs. 2.5 and 2.6. The basic
features of normal stress-flow testing device are summarized in Table 2.1. The testing
conditions so far are summarized in the Table 2.2.
The main objectives of these tests are as follows: 1) to investigate the relation between flow
rate and normal stress, 2) to develop flow models which can take the roughness of rock
fractures into account, 3) to evaluate the combined effects of morphological changes, fracture
aperture and contact area due to normal stress on the hydraulic properties, 4) to check the
validity of the cubic law derived from the ‘parallel plate model’ for rock fractures under
different normal stress conditions (Iwai, 1976; Engelder and Scholz, 1981; Raven and Gale,
1985; Pyrak-Nolte et al., 1987; Sundaram et al., 1987), and 5) to investigate the scale
dependent hydro-mechanical properties using samples of different sizes (Raven and Gale,
1985).

Fig. 2.5. Schematic view of a coupled normal stress-flow device (Gale, 1975, 1982, 1987;
Raven and Gale, 1985).
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Fig. 2.6. Schematic view of the set up for coupled stress-flow experiments using a high
pressure triaxial testing device (Iwano, 1995; Iwano and Einstein, 1995).
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Table 2.1a. Different types of stress-flow test with only normal loading (using rectangular
specimens). The arrows indicate the flow directions.
Type

NR1

NR2

NR3

σN

σN

σN

Test set-up
σN

Normal loading

Normal loading

Normal loading

Flow

Radial flow (flow from
center)

Unidirectional flow (linear
flow from center)

Unidirectional flow (linear
Flow from one end)

+ Sealing the specimen is not
necessary and one can collect
the fluid easily.
- Flow direction, flow
distance and hydraulic
gradient are different in each
flow path.

+ Flow direction is clear and
the hydraulic gradient can be
easily calculated.
- It is necessary to seal the
fracture specimen except the
inlet and outlet ends.
However it is not easy to seal
the specimen completely
during loading/ unloading
process. In most cases, very
flexible materials such as
natural rubber or gel sheet
were used for sealing.

+ Flow direction is clear and
the hydraulic gradient can be
easily calculated.
- It is necessary to seal the
fracture specimen, a
challenging task. In most
cases, very flexible materials
such as natural rubber or gel
sheet were used for sealing.

Iwai (1976), Boulon et al.
(1993)

Detournay (1980), 1Schrauf
and Evans (1986), Lee &
Cho. (2002)

1

Authors

2

σN

Stress

Features2

1

σN

Schrauf and Evans (1986),
Esaki et al. (1991), Gutierrez
et al. (2000)

Two different types of flow can be considered in one device.
‘+’ indicates merits and ‘-’: indicates shortcomings.
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Table 2.1b. Different types of stress-flow test with only normal loading (using cylinder
specimen/boring core sample). The arrows indicate only the flow directions.
Type

NC1

NC2

NC4

σN

σN

σN

σN

σN

σN

Test set-up

NC3

σN

σN

Stress

Normal loading
(tri-axial cell type)

Normal loading

Normal loading

Normal loading

Flow

Unidirectional flow

Unidirectional flow

Radial flow

Unidirectional flow

+ Bored core
specimens are used.
+ Flow direction is
clear and the hydraulic
gradient can be easily
calculated.
- Distribution of
normal stress on the
fracture surface is not
uniform.

+ Bored core
specimens are used.
+ Sealing specimen
is not necessary and
one can collect the
flow easily.

+ Bored core
specimens are used.
- It is necessary to
seal the specimen.
However it is
difficult for testing
with cyclic
loading/unloading
paths.

Gale et al. (1990)

Gale (1975, 1982,
1987), Iwai (1976),
Engelder & Scholz
(1981), Raven &
Gale (1985),
Gentier (1987),
Sundaram et al.
(1987), Olsson &
Brown (1993),
Gentier et al.
(1996)

Pyrak-Nolte et al.
(1987)

+ Bored core specimens
are used.
+ It is possible to apply
high normal stress.

Features2

Authors

2

+ Sealing specimen is
easy using rubber
membrane.
+ Flow direction is clear
and the hydraulic
gradient can be easily
calculated.
- The effect of gravity
should be considered.
- Distribution of normal
stress on the fracture
surface is not uniform.
Kranz et al. (1979),
Elliot et al. (1985),
Durham & Bonner
(1994), Iwano (1995),
Iwano & Einstein
(1995), Lamas (1995),
Pölä et al. (1995, 1996),
Niemi et al. (1997),
Kusumi et al. (1998)

‘+’ indicates merits and ‘-’ indicates shortcomings.
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NC3

NC1

NC3

Granitic gneiss, Natural
fracture / Artificial tensile
fracture, 150 × 300 mm

Granite, Natural fracture,
51 × 102 mm

Granite, Natural fracture,
100/150/193/245/294 ×
700 mm

Granodiorite, Natural
fracture, 28.2 × 25.4 cm

Gale (1982)

Elliot et al. (1985)

Raven & Gale
(1985)

Schrauf and Evans
(1986)

NR1 &
NR3

NR3

Granite, Artificial tensile
fracture, 112× 248 mm

NC1

NC3 &
NR2

NC3

Granite, Artificial saw-cut
/tensile fracture,
965.2
(38 in) × 1828.8 (6 ft) mm

Granite / Basalt / Marble,
Natural fracture / Artificial
tensile fracture, 207 × 121
× 155mm and 150 × 167
/ 210 /190 mm
Granite, Artificial saw-cut
/tensile fracture, 35 × 90
mm

Device
type2

Sample (rock type,
fracture type & size1)

Detournay (1980)

Kranz et al. (1979)

Iwai (1976)

Gale (1975)

Authors

NL: up to 20 MPa

NL: 0.2 - 30 MPa,
3 cycles

NL: 0.15-6.0 MPa,
2 cycles

NL: up to 30 MPa,
3 cycles

and

CFR (250 - 10000
cm3/min)

CHP, Saturated
steady state

and

CHP (0.01 - 0.124 MPa),
Saturated and steady
state

CHP, Saturated
steady state

CHP (up to 0.7MPa),
Saturated and steady
state

NL: up to 200 kN
(7 MPa), 1 cycles

- Check the effect of sample size (scale
effect)
- Check the validity of cubic law
- Gas flow

- Different types of
flow boundary
conditions

- Check the validity of cubic law

- Check the validity of cubic law

- Check the validity of cubic law

- Pore pressure was measured inside of
the fracture.
- Check the validity of cubic law

- Using a very large diameter rock core
sample
- Pore pressure was measured inside of
the fracture.

Remarkable Features

- Cyclic loading effect

- Different samples

- Cyclic loading effect
- Different types of
fracture

- Cyclic loading effect

- Different types of
fracture
- Cyclic loading effect

NL: up to 200
MPa, 4 cycles
steady

CHP (0.2MPa),
Saturated and
state

NL: up to 20 MPa,
2 cycles

- Different types of
fracture
- Cyclic loading effect

Checking items

- Different types of
rock and fracture
- Different roughness
(for granite sample)
- Cyclic loading effect

Injection and withdrawal
tests, CHP (0.6895MPa
(100 psi))

Flow test conditions4

CHH (0.5 & 2.0 m),
Saturated and steady
state

NL: up to 4.137
MPa (600 psi), 3
cycles

Stress conditions3

Table 2.2. Testing conditions for coupled stress-flow test with only normal loading

Stress, Flow and Particle Transport in Rock Fractures

NC3

NC3

NC4

NC3
NC2
NR1

NR2

NC3

NC1

Granite, Natural fracture,
159/152 × 338/483 mm

Granite, Natural fracture,
125 mm

Granite, Natural fracture,
52 × 77 mm

Granite, Natural fracture,
914 × 1405 mm

Granite, natural fracture,
200 mm × 300mm

Granite, artificial tensile
fracture, 100 × 120 × 80
mm

Granite,
natural
and
artificial tensile fracture,
150 × 150 mm

Chalk, natural fracture,
60.3 (outer) & 24.0
(inner) mm

Granite, artificial tensile
fracture, 136 × 142 mm

Gale (1987)

Gentier (1987)

Pyrak-Nolte et al.
(1987)

Sundaram et al.
(1987)

Gale et al. (1990)

Esaki et al. (1991)

Boulon et al.
(1993)

Olsson & Brown
(1993)
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Durham & Bonner
(1994)

NL: from 0.1 to
160 MPa

and

and

steady

CHP, Saturated
steady state

and

CHP/CFR, Saturated and
steady state

CFR, Saturated
steady state

NL: 1.39-9.14 MPa
for artificial tensile
fracture
and 2.40-22.3 MPa
for natural fracture

NL: up to 8 and 20
MPa, 1cycle

CHH, Saturated
steady state

and

MPa),
steady

CHP
(0.5
Saturated and
state
Saturated
state

MPa),
steady

and

and

CHP
(0.4
Saturated and
state

CFR, Saturated
steady state

CHP, Saturated
steady state

NL: up to 20 MPa,
1 cycle

NL: up to 8 MPa,
3 cycles

NL: up to 21 MPa,
4 cycles

NL: up to 85 MPa

NL: up to 35Mpa,
4 cycles

NL: up to 30 MPa,
3 cycles

- Cyclic loading effect

- Different types of
fracture
- Cyclic loading effect

- Cyclic loading effect

- Cyclic loading effect

- Cyclic loading effect

- Different types of
fracture

- Cyclic loading effect

- Two different granite
samples
- Cyclic loading effect

- Use sheared (not-mated) fracture
samples (0.53 mm offset)

- Use sheared (not-mated) fracture
samples (0, 1, 3 mm offset calculated at
the middle of outer and inner
diameters) were used and check the
effect of surface matching on the
normal stress-flow relation.

- Using a very large diameter rock core
sample
- Check the validity of cubic law

- Check the validity of cubic law
- Applied high normal stress
- Check the change of contact area by
injecting Wood’s metal
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NC1

NC3

NC1

NC1

NR1

NR3

Granite, Natural fracture,
51 × 102 mm

Mortar fracture replica
from granite, 120 mm

Granite, Natural fracture
and Artificial saw-cut
fracture, 102 × 100 mm

Granite, artificial tensile
fracture, 50 × 100 mm

Shale, natural fracture with
calcite filling, 85 × 85 × 30
mm

Granite/Marble, artificial
tensile fracture, 160 × 160
× 120 mm

Lamas (1995)

Gentier et al.
(1996)

Pöllä et al. (1995,
1996), Niemi et al.
(1997)

Kusumi et al.
(1998)

Gutierrez et al.
(2000)

Lee et al. (2002)

- Different roughness

- Different types of
rock and fracture

CFR (a few - 1500 ml/h),
Saturated and steady
state

CFR
(0.05cm3/sec),
Saturated and steady
state

NL: up to 5 MPa

NL: up to 2, 4, 6,
10 MPa, 1cycle

NL: up to 50 MPa

NL: 2-16 MPa

- Different rock type

CHP (4.91 - 49.1 kPa),
Saturated and steady
state

- Check the validity of coupled hydromechanical
fracture
constitutive
models

-Use healed fracture

- The flow paths/channels were
detected by injecting dyed fluid.
- Evaluate the flow anisotropy (by
collecting the fluid flow from different
8 sections surrounding the specimen).

- Check the validity of cubic law

- Check the validity of cubic law

Device type, NR1-3, NC1-3: See Tables 2a and 2b.
3
Stress conditions [NL: Normal Loading (stress)]
4
Flow conditions [CHP: Constant Hydraulic Pressure (keep the hydraulic pressure using injection device), CHH: Constant Hydraulic Head (keep the hydraulic head difference using upper
and lower tanks), CFR: Constant Flow Rate]

φ

2

: diameter, length) for cylinder specimen.

- Cyclic loading effect

CHP (20 - 200 kPa),
Saturated and steady
state

Falling-head, Saturated
and steady state

- Cyclic loading effect
- Different fracture
samples

CHP (0.01 - 1.00 MPa),
Saturated and steady
state

NL: up to 20 MPa,
5 cycles (5/10/20/
20/20 MPa)

NL: 1-11 MPa

- Different types of
fracture
- Cyclic loading effect

CHP (0.24 - 0.4 MPa),
Saturated and steady
state

NL: 0.4-20 MPa,
3 cycles

Size: (width × length × height or width × length) for rectangular specimen and (R: radius or

1

NC1

Granite, Natural fracture &
Artificial saw-cut/tensile
fracture, 50 × 100 mm

Iwano & Einstein
(1995),
Iwano (1995)
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From these tests, the specific flow rate and hydraulic conductivity of fracture appears to
decrease or increase nonlinearly with an increase or decrease of the normal stress during
loading and unloading processes, respectively. As normal stress is increased, the fracture
apertures are reduced and the contact area increases, thereby reducing the flow rate. Figure
2.7a shows some typical normal stress-flow rate curves.
The stress-fracture deformation or stress-flow rate curves during the cyclic loading and
unloading processes show significant differences (Fig. 2.7b), where the unloading curve does
not coincide with the loading curve and this difference becomes smaller and smaller with
continued loading cycles and at larger values of the normal stress. This is the result of slight
mismatches between fracture surfaces during tests due to surface asperity damage and
stress-induced mismatch changes. As the load increased, the surfaces move closer to each
other and become more mated, thus reducing the effects of the mismatch. Such mismatches
occur in fracture closure with a significant non-recoverable nature as some asperities may
deform plastically or be crushed under higher normal stress conditions. A permanent
residual/irreducible flow is often observed even when the applied normal stress is very high,
e.g., up to 85 MPa in Pyrak-Nolte et al. (1987) and 200 MPa in Kranz et al. (1979) and
Engelder and Scholz (1981).
The effect of the change of contact area in fracture surface during normal loading on the flow
was first investigated by Iwai (1976). The results obtained from his flow experiments, where
the contact area distributed artificially by fixing the contact area percentage using metal shims,
show that the flow decreases hyperbolically as the contact area increases (Fig. 2.8).

(a)

(b)

Fig. 2.7. Typical results obtained from coupled normal stress-flow tests, (a) specific flow
rate as a function of normal stress (Pyrak-Nolte and Morris, 2000) and (b) its hysteresis loop
during cyclic normal loading (Iwano, 1995).
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(a)

(b)

Fig. 2.8. The investigation for the effect of variable contact area on the flow in fracture
(Iwai, 1976), (a) artificially distributed contact area using metal shims and (b) the
hyperbolic relation between contact area ratio and hydraulic conductivity ratio. Here Jc/Af is
the contact area ratio defined as the total fracture area (Af) divided by contact area (Jc), and
Kd/Kd,s is the ratio between hydraulic conductivity of the fracture with contact (Kd) and
without contact (Kd,s).

Very few coupled stress-flow tests have been carried out to investigate the effect of specimen
size on the normal stress-hydraulic properties of natural rock fractures, except that as reported
in Raven and Gale (1985). Raven and Gale (1985) reported that fracture flow rate decreased
and the deviation from the cubic law increased with increasing specimen sizes using granite
core samples from 100 mm to 294 mm in diameter. This result was interpreted with the
following mechanisms: the smaller fracture surface may be characterized by fewer asperities
unevenly distributed (more heterogeneous) over the specimen surface, while the larger
fracture surfaces may be typified by a greater number of asperities of more variable heights
and more evenly distributed (more homogeneous) over the specimen surface. With the
application of normal load, the larger specimens have more asperities in contact and therefore
lower stresses at contact points and more tortuous flow channels. This leads to less permanent
fracture deformation, less flow rate and deformation changes between loading and unloading
cycles (see Figs. 2.9). However, quantitative measurements for contact areas, aperture
distributions and flow tortuosity in the fractures were not made in this work. Also, the
maximum specimen size selected in this study may not be large enough to investigate the
scale effect. The tests using a core sample with a diameter of 0.95 m (Gale, 1975;
Witherspoon et al., 1979) may only indicate a possible existence of scale effect.
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Fig. 2.9. Specific flow through natural joints in granite as a function of normal stress
(Raven and Gale, 1985). Sample 2 is 0.15 m and Sample 5 is 0.294 m in diameter.

Since fracture closure and flow rate are measured during coupled normal stress-flow tests, the
applicability of the cubic law has been assessed by plotting the logarithm of the ‘effective’
mechanical aperture (bm) of the fracture against the logarithm of a specific flow rate defined
as the flow rate per unit hydraulic head gradient ( Q ∆h ). If the cubic law is satisfied, a
straight line with a slope of 3 will be obtained from the following equation:
Q=−

b3
∇p
12 µ

(2.2)

The ‘effective’ mechanical aperture of fracture (bm) can be calculated by using the initial (or
maximum) mechanical aperture at the zero stress (bm0) and the current fracture closure under
stress (∆Vj) with the following relation,

bm = bm 0 − ∆V j

(2.3)

because the effective mechanical aperture (bm) can not be measured directly and only fracture
closure (∆Vj) can be measured (Fig. 2.10a).
It should be noted that some assumptions are always required to determine the initial
mechanical aperture at the zero stress (bm0). Some researchers assume that bm0 is equal to the
maximum closure of the fracture (Vmc), which is calculated from extrapolation of the
fracture’s mechanical loading-unloading test data using the following hyperbolic functions
(Goodman, 1976; Bandis, 1980) or logarithmic function (Brown and Scholtz, 1986).
1) Goodman (1976)
 ∆V j 
σ n − σ ni

= A
 V − ∆V 
σ ni
j 
 mc
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where σ ni is the initial normal stress, Vmc is the maximum closure, and A and t are two
material constants.
2) Bandis (1980), Bandis et al., (1983)

σn =

∆V j

(2.5)

a − b∆V j

where a and b are material constants and Vmc is the maximum closure. expressed as
Vmc = a b .
3) Brown and Scholtz (1986)
∆V j = C + B ln(σ n )

(2.6)

where C and B are material constants determined by the geometry of the roughness profile.
Others assume that Eq. (2.2) is valid at the point of maximum effective stress from the
measurements for computing a hydraulic aperture (bh) from the measured flow rate, indicating
that bm is assumed to be equal to bh at high effective stress. However, this assumption may not
be valid, especially for fractures of very rough surfaces (Kranz et al., 1979; Engelder and
Scholz, 1981).
Witherspoon et al. (1980) proposed the following modified cubic law by multiplying a
friction factor F to the right hand side in Eq. (2.2) to account for the effect of surface
roughness for deformable fractures, given by
Q=−

1 b3
∇p
F 12 µ

(2.7)

where b is the mechanical aperture (bm) and is composed of apparent mechanical aperture (bd)
and residual aperture (br) as b= bm= bd + br. The apparent aperture (bd) can be calculated by
subtracting ∆Vj from Vmc (bd =Vmc - ∆Vj). However, the value of br is unknown (also see Fig.
2.10a). The friction factor F could represent the effect of out-of-plane tortuosity that is
independent of aperture and affects flow when the fracture surfaces are not touching each
other (Cook et al., 1990).
Equation (2.7) can be rewritten as
1  bm 
1
( fbm )3 ∇p = − (bh ) ∇p
Q=−
 1 3  ∇p = −
12µ  F 
12µ
12µ
3

3

(2.8)

where f = 1 F 1 3 , bh = fbm and bh is the hydraulic aperture back-calculated using the cubic
law (Abelin et al., 1985; Tsang, 1992). Hence the validity of the cubic law implies that a
linear relation exists between mechanical and hydraulic apertures (Detournay, 1980; Elliott et
al. 1985). Detournay (1980) proposed the following relation between hydraulic aperture (bh)
and fracture closure (∆Vj).
bh = fbm = bh 0 − f∆V j

(2.9)

where bh0 is the initial hydraulic aperture. In this case, both bh and ∆Vj can be calculated or
measured without any assumption on initial mechanical aperture (bm0).
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The results obtained from flow experiments reached mixed conclusions for the validity of the
cubic law. In his early work, Iwai (1976) conducted flow measurements for the natural and
artificial tensile fractures in granite and concluded that the cubic law was valid for fracture
apertures larger than 20 µm. The validity of modified cubic law was discussed by
Witherspoon et al. (1980) from their experimental measurements of the radial and
unidirectional flows through artificial tensile fractures in different rock types (granite, basalt
and marble) with normal stresses up to 20 MPa and apertures ranged from 250 µm down to 4
µm. The results show that at the apertures of less than 10 µm the flow decreases more rapidly
than that indicated by the cube of the aperture (see Fig. 2.10b) but modified cubic law
expressed by Eq. (2.7) is valid with the value of F varied from 1.04 to 1.65. The testing
results obtained by Engelder and Scholz (1981) showed good agreements with the cubic law
with an irreducible flow rate. Detournay (1980) and Elliott et al. (1985) found a linear relation
existed between the hydraulic aperture (bh) and fracture closure (∆Vj) (see Eq. (2.9)) from
their flow tests using artificial tensile fracture of granite and natural fractures of granite,
respectively. Both works concluded that the modified cubic law expressed by Eq. (2.7) is
valid. Raven and Gale (1985) made measurements of fluid flow at different normal stresses
with natural fractures in granite specimens of different sizes (from 100 mm to 294 mm in
diameter). The results obtained from this work show that the deviation from the cubic law
increased with increasing loading cycles and specimen sizes (see Fig. 2.11), with the
assumption that, at the maximum normal stress, hydraulic aperture (bh) was equal to the
mechanical aperture (bm).

(b)
(a)
Fig. 2.10. (a) Mechanical behavior of a fracture used in determining changes in aperture
with stress, (b) Experimental results showing the relations between specific flow and
fracture aperture (Witherspoon et al., 1980).
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Fig. 2.11. Experimental results showing the relations between specific flow and fracture
aperture (Raven and Gale, 1985). Sample 2 is 0.15 m and Sample 5 is 0.294 m in diameter.
It should be noted that the mechanical aperture 2b in this figure is the same as bm in the text.

Pyrak-Nolte et al. (1987) measured fluid flow as a function of normal stress and fracture
aperture and proposed the following relation.
Q = Q∞ + C (Vmc − ∆V j )

n

(2.10)

where Q is a measured value of flow rate per unit head, Q∞ is the irreducible specific flow at
high stress, C is an empirical constant, Vmc is the maximum value of the normal displacement,
∆V is the measured closure value, and n is an empirical exponent. The values of n, Vmc and
C were obtained using a least squares method. They obtained n in the rage of 7.6 to 9.8 (see
Fig. 2.12).

(a)

(b)

Fig. 2.12. (a) Fracture displacement versus specific flow rate for three different fractures in
Stripa granite (Pyrak-Nolte et al., 1987). (b) Fracture displacement versus the difference
between the specific flow and the irreducible flow (Pyrak-Nolte et al., 1987). It should be
noted that the y-coordinate, (dmax-d), in both figures is the same as the term (Vmc - ∆Vj) in
the text.
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Sundaram et al. (1987) found that modified cubic law expressed by Eq. (2.7) fitted the data
obtained from their normal stress-flow experiments using a natural fracture in a large granite
core sample, 0.914 m in diameter.
Cook et al. (1990) considered effects of not only out-of-plane tortuosity but also in-plane
tortuosity that arises when the fracture surfaces are in contact and outweigh the effect of
out-of-plane tortuosity. This led to a modified cubic law given by
Q=−

1  1 − d  b3
∇p + Q∞


F  1 + d  12 µ

(2.11)

where b is equal to Vmc − (∆V j + ξ ) , Vmc is the maximum fracture closure, ∆Vj is the
mechanical closure in response to applied normal stress, ξ represents the additional change
in aperture to ensure conservation of volume, and Q∞ is the irreducible flow. The factor
(1-d)/(1+d), which is derived by Walsh (1981) using an analogy with heat conduction,
accounts for in-plane tortuosity. In this factor d is the ratio of the contact area of asperities to
the total fracture area at a given normal stress. Cook et al. (1990) were able to obtain good fits
to experimental data using Eq. (2.11) (see Fig. 2.13).
Alvarez et al. (1995) re-examined some previously published experimental data on coupled
hydro-mechanical behaviour of single fractures by plotting hydraulic aperture (bh) against
fracture closure (∆Vj) and confirmed the validity of the modified cubic law expressed by Eq.
(2.7).

Fig. 2.13 Flow rate through a fracture in siltstone as a function of mechanical aperture
(solid line with black rectangular) and hydraulic apertures predicted by submitting the
mechanical aperture into b in Eq. (2.2) (broken line) and in Eq. (2.11) (solid line with white
rectangular) (Cook et al., 1990).

28

Stress, Flow and Particle Transport in Rock Fractures

2.2.2 Coupled shear-flow tests

Many coupled shear-flow tests under constant normal stresses (CNL condition) have been
carried out and reported since 1980’s (Teufel, 1987; Gale et al., 1990; Makurat et al., 1990a,
1990b; Piggott and Elsworth, 1990; Esaki et al., 1991, 1995a, 1995b, 1995c, 1999; Olsson,
1992; Boulon et al., 1993; Olsson and Brown, 1993a, 1993b; Ahola, 1995; Boulon, 1995;
Ahola et al., 1996; Yeo et al., 1996, 1998; Gentier et al., 1997, 1998; Cheon et al., 1999,
2002; Mitani et al., 1999a, 2000, 2001, 2002a, 2002b, 2003; Chen et al., 2000; Gutierrez et al.,
2000; Lee et al., 2001; Lee and Cho, 2002). Coupled shear-flow tests under constant normal
displacement/constant volume (CV) condition (Mitani et al. 1999b) and constant normal
stiffness (CNS) conditions have also been reported recently (Olsson, 1998; Olsson and
Lindblom, 1999; Olsson and Barton, 2001; Jiang et al., 2004a, 2004b; Saito et al., 2005; Li et
al., 2006, 2007). Figures 2.14a and 2.14b show the basic concepts of the constant normal
loading/stress (CNL) and constant normal stiffness (CNS) conditions for rock fracture testing,
respectively. The CNL condition represents the loading condition of a sliding block along a
surface of a rock slope (fracture) (Fig. 2.14c), where the dilation of the fracture causes a
lifting up of the sliding block whose self weight provides a constant normal stress on the
fracture surface. The CNS condition represents the confinement of the surrounding rock mass
on a fracture, such as a fracture in a pillar (Fig. 2.14d) between two rooms, where neither the
normal stress nor the normal deformation of the fracture can remain constant due to the finite
deformability of the pillar.

N

k

T

T
T
T
(a)

(b)

Surrounding rocks

W
Joint

Pillar
(c)

(d)

Fig. 2.14. Direct shear tests and natural loading conditions. a) CNL condition, b) CNS
condition, c) a rock slope and d) a joint in a rock pillar.
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The fluid flow can be either linear (along one axis of the sample) or radial (flow from the
center) during a shear-flow test under a constant hydraulic head/pressure with both normal
and shear stresses. The unidirectional fluid flow in the direction parallel with the shear
direction is the most applied test condition in most cases, in which the flow in the
perpendicular direction cannot be considered due to the fluid sealing difficulties (Gale, 1990;
Yeo et al., 1998). The anisotropy of flow was investigated by Gentier et al. (1996, 1997,
1998), Mitani et al. (2002a, 2002b) and Hans and Boulon (2003) using their coupled
translational shear and radial flow testing systems, respectively. In most cases translational
shear displacement was applied instead of rotary/tortional shear displacement (Olsson, 1992;
Olsson and Brown, 1993a, 1993b; Cheon et al., 1999, 2002; Jeong et al., 2006) and in some
cases cyclic shear loading condition (forward and backward shearing) was considered (Lee
and Cho, 2002). The different types of coupled shear-flow apparatuses developed so far are
shown in Figs. 2.15 to 2.20. The basic mechanisms/principles and features of coupled
shear-flow testing device, and the testing conditions applied so far, are summarized in Table
2.3 and 2.4, respectively.

σ3

σ1

σ1

σ3

a)

b)

Fig. 2.15. a) A schematic view of the coupled shear-flow experiment using biaxial testing
system (Gale et al., 1990) and b) the section of the biaxial cell type shear-flow testing
device by NGI (Makurat et al., 1990a, 1990b, 1995).
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1- 1- Vertical load cell No.1
2- Vertical load cell No.2
3- Vertical load cell No.3
4- Analog summation of total vertical load
5- Horizontal load cell
6- Horizontal displacement of top block relative to bottom block
- LVDT1
8- Horizontal displacement of top block relative to bottom block
- LVDT3
9- Vertical relative displacement proximeter No. 4
10- Vertical relative displacement proximeter No. 5
11- Vertical relative displacement proximeter No. 6
12- Vertical relative displacement proximeter No. 7
13- Horizontal acceleration at near left of upper specimen block

TOP VIEW

SIDE VIEW

Fig. 2.16. The direct shear testing device and the modification of shear box to consider fluid
flow by CNWRA (Ahola, 1995; Ahola et al., 1996).
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Fig. 2.17. Schematic diagrams of coupled translational shear-flow testing device (Yeo et al.,
1996, 1998). It should be noted that continuous shear loading cannot be applied in this
device. The noticeable feature of this device is both radial and unidirectional flow test
conditions can be considered by changing flow inlet and outlet.

b)

a)

Fig. 2.18. Schematic diagrams of coupled translational shear-unidirectional flow testing
device, a) Side view, b) Sealing mechanism of the shear box in 3D and cross section views
(Mitani et al., 1999a, 2001). It should be noted that two normal loading jacks and cells are
installed to avoid rotating/tilting the upper surface of sample during the tests.
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a)

b)
Fig. 2.19. A schematic view of coupled translational shear-radial flow testing system to
study flow anisotropy and water gathering vessels in a) orthogonal directions (Mitani et al.,
2002a, 2002b) and b) radial directions (Hans and Boulon, 2003).

Fig. 2.20. Schematic views of coupled rotary/torsional shear-radial flow testing device
(Cheon et al., 1999, 2002).
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Ahola (1995), Ahola et al. (1996), 1, 2Yeo et al.
(1998), Olsson (1998), Olsson et al. (1999),
Mitani et al. (1999a, 2000), Esaki et al. (2000),
Olsson & Barton (2001), Lee et al. (2001b),
Koyama et al. (2002) Lee & Cho (2002), Chiba
et al. (2003), Mitani et al. (2001, 2003, 2005),
Jiang et al. (2004a, b), Saito et al. (2004, 2005)

Yeo et al. (1998)

1, 2

2

Boulon et al. (1993)

+ Shear displacement is uniform in the
fracture surface.
+ It is possible to apply large shear
displacement.
+ Measuring dilation and shear
displacement is easy.
+ Flow direction is clear and the hydraulic
gradient can be easily calculated.
+ It is easy to apply cyclic shear loading.
- It is necessary but difficult to seal the the
fracture in the direction perpendicular to
the shear direction. In most case, very
flexible materials such as natural rubber or
gel sheets were used for sealing.
- If the size of upper and lower blocks is
the same, the effective cross section of the
specimen and stress values will change.

Unidirectional flow (Flow from center,
Flow parallel to the shear direction but in
opposite directions)

Normal loading & Translational shear

NSR4

2

Three different types flow boundary conditions can be given in one device by switching the inlet and outlet.
The flow tests were performed on the sheared (not mated) fracture samples and mechanical direct shear tests were not carried out. Hence strictly speaking, these tests are not coupled H-M
tests. However the effect of shear displacement on the flow in fracture can be evaluated.

1

Authors

Boulon (1995), Yeo et al. (1998), Esaki
et al. (1991, 1995a, b, c, 1999), Gutierrez
et al. (2000), Plouraboue et al., (2000),
Mitani et al. (1999b, 2002a,b), Hans and
Boulon (2003), Auradou et al., (2005)

1, 2

+ Shear displacement is uniform in the fracture
surface.
+ It is possible to apply large shear
displacement.
+ Measuring dilation and shear displacement is
easy.
+ Flow direction is clear and the hydraulic
gradient can be easily calculated.
+ It is easy to apply cyclic shear loading.
- It is necessary but difficult to seal the sample
in the direction perpendicular to the shear
direction. In most cases, very flexible materials
such as natural rubber or gel sheets were used
for sealing.
- If the size of upper and lower blocks is the
same, the effective cross section of the
specimen and stress values will change during
shear.

+ Sealing specimen is not necessary and
one can collect the flow easily.
+ Shear displacement is uniform in the
fracture surface.
+ It is possible to apply large shear
displacement.
+ It is easy to apply cyclic shear loading.
+ Measuring dilation and shear
displacement is easy.
+ It is possible to check the flow
anisotropy by collecting the flow
separately in both directions.
- Since flow direction, flow distance and
hydraulic gradient are different for each
flow path.
- If the size of upper and lower blocks is
the same, the effective cross section of
the specimen and stress values will
change during shear.

Features

Unidirectional flow (Flow perpendicular
to the shear direction)

Unidirectional flow (Flow parallel to the shear
direction)

Radial flow (Flow from center)

Flow
+ Shear displacement is uniform in the
fracture surface.
+ Measuring dilation and shear
displacement is easy.
+ Flow direction is clear and the
hydraulic gradient can be easily
calculated.
+ It is easy to apply cyclic shear
loading.
- It is necessary but difficult to seal the
fracture in the direction parallel to the
shear direction. Sealing is especially
difficult when larger shear displacement
is needed.
- If the size of upper and lower blocks is
the same, the effective cross section of
the specimen and stress values will
change.

Normal loading & Translational shear

NSR3

Normal loading & Translational shear

NSR2

Normal loading & Translational shear

NSR1

Stress

Test set-up

Type

Table 2.3a. Different types of coupled stress-flow tests with normal and shear loading (using rectangular specimen).Arrows represent the flow
directions only
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Makurat et al. (1990a,b)

Features

Authors

Piggott and Elsworth (1990),
4
Koyama et al. (2002)

3

Gale et al. (1990), Chen et al. (2000)

5

+ Bored core samples can be used.
+ Flow direction is clear and the hydraulic
gradient can be easily calculated.
+ Shear displacement is uniform in the
fracture surface.
- Grouting into concrete block is necessary
to fit the sample holder/shear box.
- The effective cross section of the specimen
and stress values will change if the size of
upper and lower blocks is the same.
- It is necessary but difficult to seal the
fracture in the direction perpendicular to the
shear direction. In most case, very flexible
materials such as natural rubber or gel sheet
were used for sealing.
- The normal stress distribution on the
fracture surface is not uniform.

+ Bored core samples can be used.
+ It is possible to apply high normal
stress.
+ Flow direction is clear and the
hydraulic gradient can be easily
calculated.
+ Shear displacement is uniform in
the fracture surface.
+ Sealing specimen is easy using
rubber membrane.
- It is not easy to apply large shear
displacement.
- The effective cross section of the
specimen and stress values will
change.
- The effect of gravity has to be
considered.
- The normal stress distribution on
the fracture surface is not uniform.

Normal & Translational shear loading
(direct shear type)
Unidirectional flow (Flow parallel to the
shear direction)

shear

NSC3

Unidirectional flow (Flow parallel to
the shear direction)

Normal & Translational
loading (tri-axial cell type)

NSC2

5

Gale et al. (1990)

+ Bored core samples can be used.
+ Flow direction is clear and the hydraulic
gradient can be easily calculated.
+ Shear displacement is uniform in the
fracture surface.
- Grouting into concrete block is necessary
to fit the sample holders/shear boxes.
- It is necessary but difficult to seal the
fracture in the direction parallel to the shear
direction, especially when larger shear
displacement is required.
- The effective cross section of the specimen
and stress values will change if the size of
upper and lower blocks is the same.
- The normal stress distribution on the
fracture surface is not uniform.

Unidirectional flow (Flow perpendicular to
the shear direction)

Normal & Translational shear loading
(direct shear type)

NSC4

The flow tests were performed on the sheared (not mated) fracture samples and mechanical direct shear tests were not carried out. Hence strictly speaking, these tests are not coupled H-M
tests. However the effect of shear displacement on the flow in fracture can be considered.
4
Under calibrating. However the principle is reasonable.
5
The flow tests were carried out with flow directions both parallel with and perpendicular to the shear direction using one device. However for perpendicular flow, very small shear

3

+ Bored core samples can be used.
+ Flow direction is clear and the
hydraulic gradient can be easily
calculated.
+ Shear displacement is uniform in
the fracture surface.
- It is not easy to apply large shear
displacement.
- The effective cross section of the
specimen and stress values will
change.
- The effect of gravity has to be
considered.
- The normal stress distribution on
the fracture surface is not uniform.

Unidirectional flow (Flow parallel to
the shear direction)

Flow

shear

Normal & Translational
loading (bi-axial cell type)

NSC1

Stress

Mechanism

Type

Table 2.3b-1. Different types of coupled stress-flow test with normal and shear loading (using cylindrical specimen). Arrows indicate flow
directions only.
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Table 2.3b-2. Different types of coupled stress-flow test with normal and shear loading (using
cylindrical specimen).
Type

NSC5

NSC6

NSC7

σN

σN

τ
Mechanism

τ

σN

τ
τ

σN

σN

*

τ

σN

Stress

Normal & Translational shear
loading

Normal & Translational shear
loading

Normal & Rotary shear loading

Flow

Radial flow (Flow from center)

Radial flow (Flow from center)

Radial flow (Flow from center)

Features*

+ Bored core samples can be
used.
+ Sealing specimen is not
necessary and one can collect
the flow easily.
- If the sizes of upper and
lower blocks are the same, the
effective cross section of the
specimen and stress values will
change during shear.

+ Bored core samples can be
used.
- It is not easy to apply large
shear displacement.
- Sample preparation is not
easy.
- If the sizes of upper and
lower blocks are the same, the
effective cross section of the
specimen and stress values will
change during shear.
- The effect of gravity has to be
considered for flow.

+ Bored core samples can be
used.
+ There is no limitation for
shear displacement.
+ Effective cross section of the
specimen and stress conditions
does not change.
+ Sealing specimen is not
necessary and one can collect
the flow easily.
- Shear displacement is not
uniform in the radial direction.
- The mechanism of device is
not simple.

Authors

Gentier et al. (1996, 1997,
1998), Nakagawa et al. (1999)

Teufel (1987)

Olsson (1992), Olsson &
Brown (1993a,b), Cheon et al.
(1999, 2002), Jeong et al.
(2006)

‘+’ indicates merits and ‘-’ indicates shortcomings.
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NSC3/
NSC4

Granite, natural fracture,
200 mm × 300mm

Teufel (1987)

Gale et al. (1990)

NSC2

NSR1

NSC7

Granite/Sandstone,
mm × 90mm

Granite, natural fracture,
190 mm × 320mm

Granite/Sandstone, artificial
tensile fracture, 100 × 120 ×
80 mm

Welded
tuff,
natural
fracture,
88.9 (outer) &
25.4 (inner) mm

Makurat et al.
(1990a, b)

Piggott & Elsworth
(1990)

Esaki et al. (1991,
1995c, 1999)

Olsson (1992)

NSC1

NSC6

Sandstone, artificial tensile
fracture inclined 26 to 34
degree ( 47.6 mm × 118 to
124mm)

150

Device
type2

Authors

Sample (rock type,
fracture type & size1)

37
CHH, Saturated
and steady state
CHP, Saturated
and steady state,
Silicone oil was
used as a fluid

CNL (NL: 5 &10 MPa),
Shear (SD: up to 14 &
12.5 mm at the outer
radius, SA: ≈18 &16 º)

Saturated and
steady state

No mechanical shear test,
but using sheared (not
mated) fracture sample
was used (SD: 2.39mm).
CNL (NL: 1, 5, 10, 20
MPa), Shear (SD: 0-20
mm, 0.1 mm/sec)

Saturated and
steady state

CHH, Saturated
and steady state

CNL (NL: 4 & 8MPa),
Shear (SD: 0.0-0.2 or 0.3
mm)
CNL (NL: up to 20MPa),
Shear (SD: up to 2.3 mm)

Saturated and
steady state

Flow test
conditions4

CNL (15 - 60 MPa),
Const. axial disp. 5×10-5
mm/sec (up to 6 mm).

Stress conditions3

Table 2.4. Testing conditions for coupled stress-flow test with both normal and shear loading.

- Different NL
- Different roughness
(smooth and rough)

- Different NL
- Different rock type

- Different rock type
- Different roughness

- Different fracture
sample
- Different NL

- Different NL

Checking items5

shear

- Torsional shear displacement was
given.

- Forward and backward
loading can be applied.

- Electrical/Tracer (Step type tracer
tests; 0.25 g/l host and with 0.5 g/l
tracer solution of sodium chloride)
tests were also carried out.

- Flow test was performed in
direction perpendicular to the shear
direction but very little shear
displacement was given.
- Tracer test was also conducted.

- Testing device is unique.
- Try to evaluate the gouge effect.

Remarkable Features

Stress, Flow and Particle Transport in Rock Fractures

NSR2

NSR1

NSR1

Welded tuff,
natural
fracture, 203 × 203 ×204
mm

(no coupled H-M tests were
performed)
40 × 40 and 140 × 140 mm

Granite, artificial tensile
fracture, 100 × 120 × 80 mm

Boulon (1995)

Esaki et al. (1995a, b)

NSC7

Chalk, natural fracture,
60.3 (outer) & 24.0
(inner) mm

Olsson & Brown
(1993a, b)

Ahola (1995),
Ahola et al. (1996)

NSR4

Granite, natural and artificial
tensile fracture, 150 × 150
mm

Boulon et al. (1993)

38
CHP/ CFR,
Saturated and
steady state

CHH, Saturated
and steady state

CNL (NL: up to 3 MPa for
larger sample, up to 60
MPa for smaller sample)
- Case 1 [1st shear cycle
(NL: 5 MPa, SD: up to 12
mm) and 2nd shear cycle
(NL: 1, 5, 10, 20 MPa, SD:
up to 20 mm)]
- Case 2 [1st shear cycle
(NL: 1, 5, 10, 20 MPa, SD:
up to 12 mm) and 2nd
shear cycle (NL: 5 MPa,
SD: up to 20 mm)]

- Different NL

(developing the new
testing device)

- Consider the effect of preceding
shear history
- AE monitoring were carried out
(1995a).

- Bi-directional shear displacements
can be given (3-D direct shear
device)

- Consider the effect of cyclic shear
loading.

- Different NL

CFR (4.0
cm3/min),
Saturated and
steady state

CNL (NL: 2, 4 and 5
MPa), Shear (SD: up to
25.4 mm)

- Torsional shear displacement was
given.

CHP/ CFR,
Saturated and
steady state

CNL (NL: 4.3 MPa), Shear
(SD:3.5 mm at the middle
of outer and
inner
diameter, SA: ≈ 9.5 º)

- Different types of
fracture
- Different NL

CFR, Saturated
and steady state

No mechanical shear test.
Normal loading tests using
sheared
(not
mated)
fracture
sample
were
performed (NL: 0.64-6.67
MPa for artificial tensile
fracture/ 2.44-22.4 MPa
for natural fracture, SD:
0.08-1.1 mm for artificial
tensile fracture / 0.2-1.8
mm for natural fracture)

Tomofumi Koyama
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NSR2

NSC7

NSR2

NSR1

NSC3

Granite, natural fracture/
high
strength
concrete
fracture replica, 190 × 190 ×
140 mm

Granite/Marble,
artificial
tensile fracture, R54(outer)
and 10 (inner) mm

Granite, artificial tensile
fracture, 100 × 180 × 80 mm

Granite, artificial tensile
fracture, 100 × 120 × 80 mm

Granite, natural fracture,
48 mm × 55 -90mm

Olsson (1998),
Olsson et al. (1999),
Olsson & Barton
(2001)

Cheon et al. (1999,
2002)

39

Mitani et al. (1999a,
2000)

Mitani et al., (1999b)

Chen et al. (2000)

CHH, Saturated
and steady state

CNL (NL: 1, 5, 10 and 20
MPa), CND (ND: 0, 0.19
and 0.45 mm)

CHP, Saturated
and steady state

CHH, Saturated
and steady state

CNL (NL: 1MPa), Shear
(SD: 0-20 mm, 0.1
mm/sec)

CNL (NL: 6.9-41.3 MPa),
Shear (SD: 0-2 mm)

CHP (0.3 – 0.6
MPa), Saturated
and steady state

CHH, Saturated
and steady state

CNS (NS: 37, 75 kN,
initial normal stress: 2 and
4 MPa )/CNL (NL: 2 and 4
MPa), Shear (SD: up to 15
mm)
CNL (NL: up to 6 MPa),
Shear (SA: 0-20 degree,
0.56 degree/min)

- Different NL
- Different roughness

- Check the effect of mechanical
boundary conditions (CNL and
CND/CV) on the flow.
- Gas flow is also available to
measure the volume of fracture.

- Different NL
- Different roughness
(JRC: 9, 11 and 15)

- Torsional shear displacement was
given.

- CNS boundary condition was given.

- Evaluate the flow anisotropy (by
collecting the fluid flow from
different 8 sections surrounding the
specimen).
- Investigate the effect of three
different shear directions on the flow.

- Flow test was performed in
direction perpendicular to the shear
direction.
- Pore pressure was measured inside
of the fracture.

- Evaluate the flow anisotropy (by
collecting the fluid flow from
different 8 sections surrounding the
specimen).

- Different NL

- The new function to
control the rotation of
upper surface

- Different rock type
- Different NL

- Different (initial)
normal stress
- Different roughness

and

CNL (NL: 1and 7 MPa),
Shear (SD: up to 5 mm,
0.5 mm/min)

Gentier et al. (1997,
1998), Nakagawa et
al. (1999)
NSC5

Mortar fracture replica from
granite, 120 mm

Yeo et al. (1996,
1998)

flow

CFR (200, 500,
1630 cm3/h),
Saturated and
steady state

NSR1,
2 and 3
(in the
same
device)

Epoxy resin fracture replica
from sandstone, 200 × 200
mm

- Different NL
- Different roughness

- Different
patterns
(unidirectional
radial flow)

CNL (NL: 10 kPa), No
mechanical shear test but
sheared
(not
mated)
fracture samples was used
(SD: 0, 1 and 2 mm).

NSC5

CFR (500, 1800
cm3/h),
Saturated and
steady state
CHH (60, 80
and 100 cm),
Saturated and
steady state

CNL (NL: 1and 7 MPa),
Shear (SD: 0.35, 0.55, 1.0,
2,0 and 5.0 mm, 0.5
mm/min)

Mortar fracture replica from
granite, 120 mm

Gentier et al.
(1996)
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NSR2

NSR2
&
NSC2

NSR1

NSR2

Granite/Marble, artificial
tensile fracture, 160 × 160 ×
120 mm

Concrete fracture replicas,
80 × 120 × 120 mm, 50
mm × 100 mm

Granite/Sandstone, artificial
tensile fracture, 90 × 148
×133 mm

Concrete fracture replicas,
80 × 120 × 120 mm

Granite, artificial tensile
fracture, 100 × 180 × 80 mm

Concrete fracture replicas,
70 × 70 mm

Plouraboue et al.
(2000)

Lee et al. (2001), Lee
& Cho (2002)

Koyama et al. (2002)

Mitani et al. (2002a,
b)

Chiba et al. (2003)

Mitani et al. (2001,
2003)

Hans and
(2003)

Boulon

NSR1

Granite/Basalt, artificial
tensile fracture, 250 × 250 ×
150 mm

NSR1

NSR2

NSR1

Shale, natural fracture with
calcite filling, 85 × 85 × 30
mm

Gutierrez et al.
(2000)

- Different rock type
- Different NL
- Different roughness
(JRC: 5.5, 10.7 and
20.0)
- Different NL

- Different NL
- Different roughness

CHH, Saturated
and steady state
CHH (100 cm),
Saturated and
steady state
CHH, Saturated
and steady state
CFR (0-850
mm3/min)/ CHP
(0-2 MPa),
Saturated and
steady state

CNL (NL: 0.3-5.0 MPa for
sandstone, 2.0-10.0 MPa
for granite), Shear (SD: 08 mm, 0.5 mm/sec)
CNL (NL: 1.0 MPa), Shear
(SD: up to 3.0mm)
CNL (NL: 1, 2, 5, 10
MPa), Shear (SD: 0-20
mm, 0.1 mm/sec
CNL (4 and 8 MPa). Shear
(SD: up to 10 mm)

- Development of the
device
- Different NL
- Different roughness
(JRC: 6.4, 7.8 and
13.5 for NSC2, 12.7
for NSR2)

CHH (100 for
NSR2 & 80 cm
for NSC2),
Saturated and
steady state

CNL (NL: 0.5, 1.0 and 2.0
MPa), Shear (SD: up to 4
mm) for NSR2, and CNL
(NL: 0.1, 0.3 and 0.7
MPa), Shear (SD: up to 2.5
mm) for NSC2

- Different rock type
- Different NL

- Different rock type

- Different NL
- Different fractures

CHP (4.91 19.64 kPa),
Saturated and
steady state

CFR (4×10 2.5×10-6 m3/sec)

-8

CHP (20-200
kPa), Saturated
and steady state

CNL (NL: 1-3 MPa),
Shear (SD: 0-15 mm, 3
Cycles)

No mechanical shear test
but sheared (not mated)
fracture samples was used
(SD: 1, 3 and 10 mm)

CNL (NL: 1-6 MPa),
Shear (SD: 0-6 mm, 0.5
mm/min)

- Evaluate the flow anisotropy (by
collecting the fluid flow in each
direction separately).
- Asperity damage was measured
during the tests.

- Evaluate the flow anisotropy (by
collecting the fluid flow in each
direction separately).

- Consider the effect of cyclic shear
loading.

- Electrical/Tracer (1g/l, NaNO3water solution) tests were also carried
out.
- Check the anisotropy of hydraulic
and electric conductance.

- Use healed fracture

Tomofumi Koyama
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NSR2

Concrete fracture replicas,
200 × 100 × 100 mm

Li et al. (2007)

CHH (100 cm),
Saturated and
steady state
CHH (100 cm),
Saturated and
steady state

CFR (smaller
than 5 ml/min)

CHH (760 mm)
Saturated and
steady state

CNL (NL: 1.0 MPa), Shear
(SD: up to 3.0mm)
CNL (NL: 1.0 MPa), CNS
(NS: 9.91 MPa/mm with
NL (initial) 1.0 MPa)
No mechanical shear test
but sheared (not mated)
fracture samples was used
(SD: up to 1.0 mm).
CNL (0.1MPa) SA: up to
7.0-10° with 0.47°/min
(SD: up to 6.6-10.0 mm)
CNL (NL: 1.0 MPa), CNS
(NS: 200 MPa/m and
500MPa/m
with
NL
(initial) 1.0 MPa), Shear
(SD: up to 18mm)
CNL (NL: 1.0, 1.5 and 2.0
MPa), CNS (NS: 200
MPa/m and 500MPa/m
with initial NL 1.0 MPa),
Shear (SD: up to 18mm)

- Different roughness
(JRC: 5.5, 10.7 and
20.0)

(not mentioned)

- CNS boundary condition was given.

- CNS boundary condition was given.

CHH (0.1 m)
Saturated and
steady state

- Torsional shear displacement was
given.

- Tracer test was carried out with
dyed 10% glycerol-water solution.
- Flow and transport anisotropy was
investigated.

- CNS boundary condition was given.

- Tracer test was carried out

- CNS boundary condition was given.

CHH (1.0 m)
Saturated and
steady state
- Different roughness
(JRC: 0-2, 12-14 and
16-18 )

- Different roughness
(JRC: 12.13, 9.29,
7.63 and 5.66)

- Different roughness
(JRC: 5.5, 10.7 and
20.0)

- Different roughness
(JRC: 1.5, 3.6 and
8.5)
- Different NL

CNL (NL:2, 5 and 10
MPa), CNS (NS: 5.4
GPa/m, with NL (initial):2,
5 and 10 MPa)

φ

2

Size: (width × length × height or width × length) for rectangular specimen and (R: radius or
: diameter × length) for cylinder specimen.
Device type: NSR1-4 and NSC1-7, see Tables 2.3a and 2.3b.
3
Stress conditions [CNL: Constant Normal Loading (Constant normal stress) boundary condition, CNS: Constant Normal Stiffness boundary condition, CND: Constant Normal Displacement,
NL: Normal Loading (stress), NS: Normal Stiffness, SD: Shear Displacement, ND: Normal Displacement SA: Shear Angle]
4
Flow conditions [CHP: Constant Hydraulic Pressure (keep the hydraulic pressure using injection device), CHH: Constant Hydraulic Head (keep the hydraulic head difference using upper and

1

NSR2

Concrete fracture replicas,
200 × 100 × 100 mm

Auradou et al. (2005)

Li et al. (2006)

NSR1

Epoxy resin fracture replica
from granite, 250 × 250 mm

Saito et al. (2005)

NSC7

NSR2

Concrete fracture replicas,
80 × 120 × 120 mm

Saito et al. (2004)

Concrete fracture replicas,
R54 (outer) and 10 (inner)
mm

NSR2

Concrete fracture replicas,
80 × 120 × 120 mm

Jiang et al. (2004a,b)

Jeong et al. (2006)

NSR2

Concrete fracture replicas,
100 × 200 × 100 mm
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The results from these experiments show that in most cases the specific flow rate and
hydraulic conductivity of a fracture increases with increasing shear displacement due to the
shear dilation, as shown Fig. 2.21. The change of flow rate is rapid at very small shear
displacements. The rougher fracture surface has the higher conductivity change due to larger
dilation rates during shearing. When larger normal loading is applied during shearing, the
dilation becomes smaller and flow rate decreases. On the other hand, in some cases, especially
for fractures in soft rock, the reduction of the flow rate during shearing has also been observed
and reported. Teufel (1987) carried out the coupled flow-shear tests on inclined fractures
(from 26 to 34 degree of the inclination angle) of soft rocks using a drained triaxial
compression experimental device. In this work, the reduction of permeability across the
fractures with increasing shear displacement was observed (see Fig. 2.22) and the reduction of
hydraulic conductivity becomes larger with increasing normal stress/effective confining
pressure. This reduction was caused by localized deformation along the fracture and
formation of a gouge zone. Olsson (1992) ascribed the observed decreases in hydraulic
conductivity of rock fractures to the formation of gouge materials during rotary/torsional
shearing. He also found that the decrease of hydraulic conductivity was greater for rougher
fractures.
The asperity degradation/damage and gouge production during shearing processes affect the
fracture conductivity. The gouge material may block some of the fluid flow paths, so that the
fracture becomes less conductive. The production of gouge material depends on the rock
strength and mineralization/infilling conditions. Generally, soft rocks may have more fracture
surface damage. When larger normal loading is applied during shearing, more asperities will
be damaged and more gouge materials will be produced, so that flow rate will decrease.
However, no experimental research has been done to investigate quantitatively the effect of
gouge material on the flow field in rock fractures.

a)

b)

Fig. 2.21. Typical results obtained from coupled shear-flow tests. The change of specific
flow rate as a function of a) translational shear displacement (Mitani et al., 2001) and b)
rotary shear displacement (Cheon et al., 1999, 2002).
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Fig. 2.22. Permeability reduction during shearing as a function of confining pressure
(Tuefel, 1987).

Table 2.5. Comparison of conductivity variation due to shear (Makurat et al., 1990a)
Fracture

JCS σ c

JCS σ n

1

0.90

32
160
45
8
7
40
63
6
5
3

2
3
4
5
6

I
II
III
I
II
I
II
I
II
III

7

I
II

8

I
II

9

I
II

10

0.88
0.71
0.68
0.57
≈1
no
visible
fracture
surface
alteration
≈1
distinct
slickenside
≈1
distinct
slickenside
≈1
distinct
slickenside
≈1
CaCO3
deposits on
fracture
surface

JRC
6.1
6.4
6.0
1.9
3.8
8

δ h [µm]

k f ki

2625
3145
2570
1082
908
1530
3440
1171
1945
5060
5076
4889

1.8
0.2
0.1
3.9
0.9
44.9
92.3
0.9
0.3
1.2
0.4
0.3

9

6

4249

0.9

27
14

10

3811
4764

2.5
0.1

27
54

3

3733
4842

0.1
0.7

3

4

2425

0.03

JCS – compressive strength of the fracture, σ c – uniaxial compressive strength of the rock material,

σ n – normal stress acting on the joint, JRC – joint roughness coefficient, δ h – shear displacement, kf
–hydraulic conductivity of the fracture after shear (final) and ki – conductivity prior to shear (initial) of
the fracture. Fracture 1-5: Hard rock fractures (1: metamorphic and 2-5: igneous rocks) and Fracture 6-10:
Soft rock fractures (6-9: sandstone and 10: chalk)
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During translational shearing processes, the flow pattern becomes more heterogeneous and
anisotropic, and the fracture becomes more conductive in the direction perpendicular to the
shear direction (Gentier et al., 1997, 1998; Yeo et al., 1998; Mitani et al., 2002; Auradou et
al., 2005, 2006) (see Fig. 2.23). This is due to the significant flow channeling formed in the
direction perpendicular to the shear direction. Similar results were also obtained from
numerical studies for coupled shear-flow test of single rock fracture (Yeo et al., 1998; Kim et
al., 2004; Inoue et al., 2005; Koyama et al., 2006a; Matsuki et al., 2006). The flow anisotropy
in the sheared fracture was also analytically investigated recently (Kim and Inoue, 2003;
Mallikamas and Rajaram, 2005).
The results obtained from coupled shear-flow test under constant normal displacement
(constant volume/no dilation) and constant normal stiffness (CNS) conditions, by Mitani et al.
(1999b, 2002) are shown in Fig. 2.24 and Fig. 2.25, respectively. From Fig. 2.24, the
hydraulic conductivity increases rapidly at the initial stage of shearing process, and becomes
almost constant after a few millimeters of shear displacement, even when no dilation is
allowed. Higher hydraulic conductivity of the fracture during shearing indicates fracture
opening caused by the deformation of the rock matrix. During shearing under constant normal
displacement condition, the normal stress increases (Fig. 2.24a) and the rock matrix is
compressed because the stiffness of fracture is much higher than that of rock matrix. From Fig.
2.25, the transmissivity decreases with higher rock mass stiffness and initial normal stress
because rock fractures suffer a normal stress increase under CNS tests.

Fig. 2.23. Anisotropy of flow in single rock fracture in radial flow during translational
shearing for (a) sandstone and (b) granite samples (Mitani et al., 2002). The flow collection
mechanism of their experimental device can be seen in Fig. 2.19.
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(a)
(b)
Fig. 2.24. The results obtained from coupled shear-flow test under constant normal
displacement (constant volume/no dilation) condition, relations between (a) Normal stress
and shear displacement, and (b) hydraulic conductivity and shear displacement (Mitani et
al., 1999b). It should be noted that in the first stage of the experiments, only normal load
was applied until the normal displacement (closure) reaches Un0 (0, 0.19 and 0.45mm).
Hence Un0 = 0 means that no normal displacement is given and the fracture is not well
mated.

(a)

(b)

Fig. 2.25. The results obtained from coupled shear-flow test under CNS conditions, (a)
Dilation and (b) transmissivity evolution curves during shearing as a function of constant
normal stiffness. Solid and dashed lines represent the initial normal stress condition of 2
and 4 MPa, respectively (Olsson, 1998; Olsson and Lindblom, 1999; Olsson and Barton,
2001).

Lee and Cho (2002) carried out coupled shear-flow tests under cyclic shearing conditions.
The main results obtained from their works are shown in Fig. 2.26. As they explained, the
changes in hydraulic conductivity of the fracture during cyclic shear showed irregular
variations, especially after the first shear cycle when most of asperity damage occurred, and
interactions between asperity degradations and production of gouge materials.
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a)

b)

Fig. 2.26. Variation of joint permeability with respect to shear displacement during cyclic
shear loading using granite fracture, a) first cycle and b) second cycle (Lee and Cho,
2002).

The effects of preceding shear history on coupled shear-flow properties of rock fractures were
investigated by Esaki et al. (1995a, 1995b). In these laboratory experiments, the following
two different cases were considered: 1) coupled shear-flow tests were carried out under
different constant normal stresses (1, 5 and 10 MPa), after giving a preceding shear history
with one complete cycle of forward and backward shear displacements up to 12 mm under a
normal stress of 5 MPa; 2) a coupled shear-flow test was carried out under a constant normal
stress of 5 MPa, after a preceding shear history of same amount of shear displacements as
case 1 were performed under different normal stresses of 1, 5 and 10 MPa. The results
obtained from these tests show that the previously sheared fractures do not have clear peak
shear stresses and have smaller increases of shear dilation and hydraulic conductivity during
shearing, compared with that of the fresh fractures without previous shear history (see Fig.
2.27 and 2.28). This is due to the fact that the asperity degradation/damage occurs mainly
during the first shearing cycle. These results clearly show that the hydro-mechanical
behaviour will be different between fractures with and without previous shear histories.
Acoustic emission (AE) tests performed by Esaki et al. (1995a, 1995b) clearly showed that
rapid increase in hydraulic conductivity is accompanied by damage of asperities (see Fig.
2.28).
The groundwater flow in fracture plays an important role for solute transport phenomena in
hard rocks. Although many coupled stress-flow tests have been carried out to investigate the
change of the flow field due to variable stress conditions, very few works considered its effect
on the solute transport processes, with exception of works of a few researchers (Piggott and
Elsworth, 1990; Plouraboue et al., 2000; Saito et al., 2004). Piggott and Elsworth (1990)
performed tracer tests with a fracture in a previously sheared condition. The tracer test was
performed without mechanical shear. They found that the shape of breakthrough curves were
very similar to those obtained with the fracture in a mated condition, even though the
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a)

b)

Fig. 2.27. Comparison between historical and non-historical joints in terms of the change of
hydraulic conductivity during shearing, a) normal stress 1MPa and b) normal stress 10MPa
(Esaki et al., 1995a, 1995b).

a)

b)

Fig. 2.28. The change of hydraulic conductivity during translational shearing for fractures
with previous shear history (as the historical joint in the figure), a) The comparison
between different shearing histories, b) AE events count and its comparison between
fractures with and without previous shear history (historical and non-historical joint) for
normal stress 5MPa (Esaki et al., 1995a, 1995b).

fracture void area was larger. Figure 2.29 shows the results of a coupled shear-flow testing
device with solute transport in Saito et al. (2004). The salt (sodium chroride, NaCl) was used
as a tracer, and the electric conductivity between upstream and downstream edges of the
sample was measured. However, the concentration of the salt, fluid pressure and flow velocity
in the middle of the fracture specimen cannot be measured, and then the change of the flow
field during shearing cannot be detected.
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a)

b)
Fig. 2.29. Schematic view of the coupled shear-flow testing device combining with solute
transport, a) shear box and b) flow and solute transport mechanism (Saito et al., 2004).
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The shear induced flow channels and their effects on the transport characteristics (miscible
displacement front) have been studied experimentally for radial flow between two
complementary transparent replicas of a self-affine rough granite fracture surface by Auradou
et al. (2001, 2005, 2006). It was found that miscible displacement fronts in the sheared
fracture display a self-affine geometry with a characteristic exponent directly related to that of
the fracture surfaces.
The light transmission method and spectrophotometric analysis (SA) have been used to
visualize both single and two-phase flows in fractures (Glass and Nicholl, 1995; Persoff and
Pruess, 1995; Brown et al., 1998; Detwiler et al., 1999; Nicholl et al., 1999; Renshaw et al.,
2000; Lee et al.; 2003; Auradou et al., 2005; Xiao et al., 2006). In this method, fluid or gas
flow in a transparent fracture replica can be observed through transmitted light using high
resolution CCD video camera fixed above the hydraulic testing device. By monitoring the
fluid flow using CCD video camera, the flow velocity in specific area can be measured and
used to back calculate the local hydraulic aperture using the cubic law (Brown et al., 1998).
The local aperture is also calculated from light intensity using dye flow (Auradou et al., 2001,
2005, 2006).
The nuclear magnetic resonance imaging (NMRI) may also be one of the tools to visualize the
flow in fractures and has been used to measure the flow velocity and aperture field of
fractured media (Chang et al., 1997; Brown et al., 1998; Dijk and Berkowiz, 1999; Dijk et al.,
1999, 2002; Renshaw et al., 2000). Dijk et al. (2002) measured the change of fracture
geometry in rock salt due to dissolution and precipitation processes. However, the effect of
stress on the flow field of fractures has not been considered in most works due to the
experimental limitations, i.e., the limitation in stress level and difficulties in observing the
flow in real rock fracture during shear. A recent research conducted by Jiang et al. (2004a,
2004b) allows the visualization of particle transport at laboratory during a coupled shear-flow
test. A CCD color camera was fixed above the shear-flow test apparatus, taking photos at
specific time intervals after a tracer agent (dye) was injected into the transparent acrylic
fracture replica. The flow process and its change during shearing can be monitored. However,
in order to perform this experiment, the normal load must be reduced greatly.
2.2.3 Coupled testing considering thermal and chemical effects

The most experimentally investigated coupled behaviour for rock fracture is the stress-fluid
flow process. Most works mainly focused on the effect of variable apertures and asperity
geometry due to only normal or both normal and shear stresses on the fluid flow through rock
fractures. The thermal and chemical effects and its coupling effects with fluid flow and/or
mechanical deformation were rarely considered in the laboratory and field experiments so far.
The following three aspects can be considered as thermal effects on rock fractures (Friedman
and Johnson, 1978; Wong and Brace, 1979; Page and Heard, 1981; Bauer and Handin, 1983;
Elliott and Brown, 1988; Homand-Etienne and Houpert, 1989): 1) heat generation in the solid
rock due to friction of rock fractures, 2) change of mechanical properties of rock matrix due to
the fracturing, and 3) thermal expansion of rock matrix and stress changes due to thermal
expansion. It is generally accepted that the presence of fractures does not significantly affect
the heat conduction in the fractured rock masses when fluid is absent. The heat production
due to frictional deformation of rock fracture is usually very small and can be ignored in a
practical point of view. However, thermal stresses and volume expansion are significant and
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should not be ignored. The arrow from ’thermal’ to ‘mechanical’ in Fig. 1.1 is more important
than its opposite counterpart. The mechanical properties of fractures and rock matrix may
change significantly if the temperature or the rate of thermal loading is very high. However,
as mentioned before, the experimental studies considering the thermal effects and coupling
effect with fluid flow and mechanical deformation are very limited.
Biligin and Pasamehmetoglu (1990) studied the coupled thermo-mechanical behaviour of a
rock fracture without fluid flow, using their heated direct test device shown in Fig. 2.30a. The
main objective of this study was to observe the change of shear strength of rock fractures
under different temperature (from 20-400°C). The shear strength of the rock fractures
increases to a peak value at a critical temperature of 200°C, and then decreases (Fig. 2.30b).
On the other hand, the initial shear stiffness was reported to decreases with increasing
temperature. These effects of ‘temperature strengthening’ for shear strength and ‘temperature
weakening’ for shear stiffness were explained as a combined result of water content reduction,
thermal expansion of rock matrix and the thermally induced microcracks in the rock matrix.
However, water is absent in this test and should not play any role here under such a
high-temperature testing environment. More important factors, which were not considered in
the paper, are the possibility of softening effects of minerals melting in rock matrix and
concrete sample holder under high temperature
An experimental study of the coupled thermo-hydro-mechanical (T-H-M) behaviour of rock
fractures using a triaxial testing system with heating facilities was reported in Zhao (1987,
1992), and Zhao and Brown (1992a, 1992b). The testing device developed in these works is
shown in Fig. 2.31. The test results suggested that the hydraulic aperture, which was back
calculated using the cubic law, decreased linearly with the increase of the normal closure
under relatively low normal stresses (up to 8 MPa). The initial aperture and normal closure of
fracture samples are found to increase with increasing temperature (Fig. 2.32a and 2.32b).

a)

b)

Fig. 2.30. Heated shear test of rock joint. a) Test system and b) Shear strength versus
temperature for rock joint with different JRCs (Biligin and Pasamehmetoglu, 1990).
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This increase was explained by thermal expansion of rock samples. The heat exchange
coefficient is also found increasing linearly with the square roots of the fluid velocity (Fig.
2.33). Effects of shear, however, could not be considered in this test configuration.

Fig. 2.31. Schematic arrangement of the coupled T-H-M test for rock joints (Zhao, 1987,
1992; Zhao and Brown 1992a, 1992b)

(a)

(b)

Fig. 2.32. Effect of temperature on (a) the initial aperture and (b) the normal closure ∆V
(Zhao and Brown, 1992b).
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(a)
(b)
Fig. 2.33. Linear relation between the convective heat transfer coefficient, h and fluid
velocity in the joint at different temperature (Zhao, 1992a, 1992b).

The coupled chemical-thermo-hydro-mechanical (T-H-M-C) behaviour of fractures in
different types of rocks was recently investigated using a triaxial testing system with heating
facilities and X-ray CT (Elsworth, 2004; Polak et al., 2003a, 2004; Yasuhara et al., 2003,
2004a, 2004b, 2006a, 2006b; Liu et al., 2005, 2006; Elsworth and Yasuhara, 2006; Yasuhara
and Elsworth, 2006a, 2006b), under a 30 MPa normal loading without shear. The results
obtained from these works suggested that pressure solution which represents a mechanism of
stress-mediated dissolution (Fig. 2.34), would be a significant factor and coule be mobilized
rapidly (on the order of a few to tens of days) at relatively modest temperature (~20-80 °C)
and stresses (~3.5 MPa), for the tested sandstone rocks. This pressure solution results in a
significant reduction of the aperture and fracture permeability consequently, when minerals of
the rock matrix were dissolved and precipitated on the fracture surface (Fig. 2.35). The actual
mechanism for pressure solution still remains unclear, although theory and analytical models
have been proposed.
The modification of fracture geometry due to the dissolution and precipitation caused by
reactive fluids and its effect on the flow properties have been investigated for fractures in
marble (Durham et al., 2001), rock salt (Dijk et al., 2002) and calcareous sandstone
(Singurindy and Berkowitz, 2005). Durham et al. (2001) carried out flow experiments using a
slightly acidic fluid (dilute H2CO3) under 0.2 MPa confining pressure and room temperature.
They observed both mean aperture and fracture permeability decrease as a result of
dissolution. Dijk et al. (2002) found that the fracture wall became rougher when dissolution
occurs faster, and the dissolution patterns depends on the flow patterns at high Damköhler
numbers (ratio of dissolution rate to flow rate) and on the mineralogical composition at low
Damköhler numbers. They also found that the buoyancy effects due to density differences in
the fluid became significant at higher Damköhler numbers, and the dissolution patterns
depends on the orientation and elevation of the fracture walls which caused preferential
upward dissolution. Singurindy and Berkowitz (2005) injected HCl and H2SO4 fluids with
different mixing rates and flow rate into calcareous sandstone fractures and observed host
rock dissolution of calcium carbonate and gypsum precipitation, expressed as the following
chemical reaction (Fig. 2.36):
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CaCO3+2H+=Ca2++CO2+H2O
CaCO3+2H++SO42-=Ca SO4·2H2O+CO2
Whether fracture permeability increase or decrease depends on the flow rate, fracture
geometry and orientation (Fig. 2.37). It should be noted that in the above tests, mechanical
loading, either normal or shear, was not considered.

Fig. 2.34. Schematic view of pressure solution for contact grains and rock fractures
(Yasuhara et al., 2004b).

(a)

(b)

Fig. 2.35 a) Change of fracture aperture with time for a circulation test on novaculite.
Temperatures incremented to 20, 80, 120, and 150°C. Triangles show Si concentrations
recovered from the effluent fluid (Polak et al., 2003b, 2004), and b) matching observed
fracture closure with numerical modelling (Yasuhara et al., 2004a, 2004b).
53

Tomofumi Koyama

TRITA-LWR. PHD 1036

Calcareous sandstone
(CaCO3)

Gypsum (CaSO4)

Fig. 2.36 Schematic diagram of dissolved and precipitated solids with different flow
conditions, HCl-H2SO4 mixing rates and fracture geometries (Singurindy and Berkowitz,
2005).

Q = 9 cm3/min

Q = 9 cm3/min

Q = 5 cm3/min
Q = 5 cm3/min

Q = 3 cm3/min
Q = 3 cm3/min

Fig. 2.37. The change of hydraulic conductivity of fractures during reactive flow test with
different flow rate, fracture geometry and orientation (Singurindy and Berkowitz, 2005).
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2.3 Numerical simulation of fluid flow and particle transport in rock fractures
2.3.1 Theoretical background

Generally the flow of a Newtonian fluid through a rough rock fracture is governed by the
Navier-Stokes (NS) equations expressed as
∂u
1
µ
+ (∇u )u = F − ∇p + ∇ 2u ,
∂t
ρ
ρ

(2.12)

where p [Pa] is the pressure, F [m/s2] is the body force vector acting on unit mass, ρ [kg/m3]
is the fluid density, u [m/s] is the flow velocity vector (u=(ux, uy, uz)), µ [ Pa ⋅ s ] is the fluid
(dynamic) viscosity, (ν [m2/s] is kinematic viscosity defined as ν = µ ρ ) and t is the time.
Since the only appreciable body force is gravity, the body force vector per unit mass is
expressed as F = − ge z , where ez = (0, 0, 1)T is the unit vector and g is gravity acceleration (=
9.81 m/sec2). If the density is uniform, gravity can be eliminated from the equation by
defining a reduced pressure p̂ as pˆ = p + ρgz .
F−

1

ρ

∇p = − ge z −

1

ρ

∇p = −

1

ρ

(ρge z + ∇p ) = − 1 ∇( p + ρgz ) = − 1 ∇pˆ .
ρ

ρ

(2.13)

For simplicity of notation, the reduced pressure will be used as denoted by p.
Since it is difficult and impractical to solve the NS equation exactly under very complicated
geometry and flow boundary conditions, such as for flow through rough rock fractures, many
researchers solved the simplified equations instead of Eq. (2.13) with different levels of
simplifications, leading to the much simpler Reynolds equation expressed as

 ρgb 3
∇ ⋅ 
∇p  = 0 ,

 12 µ

(2.14)

For the calculation of flow in a fracture, in most cases, the Reynolds equation has been widely
used as the governing equation. The different simplification of Navier-Stokes equation and
the applicability of the cubic law and Reynolds equation will be studied in Chapter 5 and
discussed in Chapter 6.
The aperture b, which is the most important parameter in the Reynolds equation (Eq. (2.14)),
is usually intended to be measured in the direction perpendicular to the nominal fracture plane
(see Fig. 2.2). However, different definitions of the aperture have been proposed, as shown in
Fig. 2.38, such as the distance between the rock surfaces measured normal to the local
centerline (Ge, 1997), the diameter of the largest sphere which can fit between the surfaces
(Mourzenko et al., 1995) and the distance between two smooth fracture surfaces for which the
smallest scale roughness has been averaged away (Oron and Berkowitz, 1998). To consider
variable aperture in a fracture, the measured or generated aperture maps are divided into many
small regions and the cubic law is adopted locally, that is to say, each of them has a unique
and uniform aperture value.
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(c)
(a)

(d)

(b)

Fig. 2.38. Different definitions for the LCL (Local Cubic Law) aperture for use in the
Reynolds equation (modified Oron and Berkowitz, 1998), a) the vertical aperture, b)
average over a distance normal to the mean trend (Oron and Berkowitz, 1998), c) the
normal to local centerline aperture proposed by Ge (1997) and d) the ‘ball aperture’ by
Mourzenko et al. (1995).

2.3.2 Fluid flow and particle transport simulations without stress effects

The Reynolds equation can be solved analytically using Fourier transforms (Amadei and
Illangasekare, 1992, 1994, 1995) or numerically, for example, using Finite Difference Method
(FDM) or Finite Element Method (FEM) with measured aperture values or artificially
generated aperture fields based on the geostatistical/fractal approaches. The calculated flow
fields are used to predict the movement of solute in rough fractures. This can be accomplished
by either particle tracking methods or direct solution of the advection-diffusion equation (the
detailed explanation of numerical techniques for solute transport can be seen in Section 4.1.2,
Chapter 4).
Tsang and Tsang (1987) and Tsang et al. (1988) proposed a channel model of flow in natural
fractures, and it was used as a basis for calculating transport using particle tracking method
(Moreno et al., 1988, 1990; Tsang and Tsang, 1990; Moreno and Tsang, 1991). Their
approach involves a geostatistical model for fracture geometry, which assumes that the
fracture aperture distributed log-normally. Two-dimensional calculations in a single rock
fracture by Moreno et al. (1988) clearly showed the flow channels and indicated that aperture
distribution and correlation length were the important parameters controlling flow. This flow
channeling has been also observed in the large-scale field tracer test in the Stripa mine
(Abelin et al., 1991a, 1991b, 1994). Figures 2.39, 2.40 and 2.41 show aperture distributions
generated using geostatistical approach, for flow simulations and particle tracking,
respectively. This particle tracking approach has been extended to consider the retardation of
particle movement due to matrix diffusion and sorption (Tsang and Tsang, 2001; Tsang and
Doughty, 2003). However, a drawback of generating the aperture distribution using
geostatistics is that the evolution of the aperture distribution during shearing processes cannot
be reproduced readily.
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a)
b)
Fig. 2.39. Statistically generated aperture with different spatial correlation length of a) 0.1
and b) 0.4 (Moreno et al., 1988).

a)
b)
Fig. 2.40. Flow simulation results for the fracture aperture variations as shown in Fig.2.39
(Moreno et al., 1988).

a)
b)
Fig. 2.41. Histogram of percentage of particles as a function of position on the collection
line for the fracture aperture variations as shown in Fig. 2.39 (Moreno et al., 1988).
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Some researchers have carried out flow simulations using fractal models of surface
topography which is based on the observation that the topographic profiles of natural fracture
surfaces have power spectra of the same form as fractal surface profiles (Brown, 1987a,
1987b, 1989; Glover et al., 1998a, 1998b). Figures 2.42 and 2.43 show aperture distributions
obtained by superimposing two artificially generated rough surfaces and flow simulation
results, respectively. The fractal model was used for the flow and transport calculation by
Thompson (1991) and Thompson and Brown (1991), in which after the steady-state flow field
is found by solving the Reynolds equation, the calculated velocity field is used to predict the
time-dependent migration of solute transport governed by advection-diffusion equation.
Thompson and Brown (1991) highlighted that the directional characteristics of the fracture
surfaces are of major importance in determining the fracture transport properties. Their
numerical results indicate that tracer velocities may be less or greater than the averaged flow
velocity, depending on the fracture roughness and contact area. If the fracture surfaces are
rougher in one direction, the tracer velocity is less than the average flow velocity if flow
transverse to the major roughness direction, and greater if flow is parallel with the major
roughness direction.

a)

b)

Fig. 2.42. Aperture distributions formed by superimposing two rough surfaces (D=2.5) at
the separations of a) dm=2σ and b) dm=1σ. Flat areas are regions of zero aperture or contacts
defined by the overlap of the two surfaces (Brown, 1987a).

a)
b)
Fig. 2.43. Flow simulation results from finite difference solution of Reynolds equation for a
different surface separation of a) dm=10σ and b) dm=4σ (Brown, 1987a).
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The transported tracers/particles can interact chemically or physically with the surfaces of the
fractures, such as matrix diffusion and sorption. The importance of these retardation effects on
the radionuclide migration (radionuclide retardation) was shown in Neretnieks (1980, 1981),
and have been studied using analytical models with simplified flow configurations
(Neretnieks et al., 1982; Neretnieks, 1983; Moreno et al., 1985; Wels et al., 1994), where the
effect of aperture variability of the fractures on the diffusion and sorption of tracer is not
considered explicitly. Similarly, stochastic analytical models considering flow heterogeneity
were developed when solving advective transport equation, with or without consider the effect
of variable aperture on the matrix diffusion (Cvetkovic, 1991; Cvetkovic et al., 1999; Cheng
et al., 2003).
Berkowitz and Zhou (1996) analyzed transport of absorbing chemical species in a parallel
plate fracture, focusing on the inter-phase mass transfer between the fluid and fracture walls.
The surface reaction models include irreversible first-order kinetics, instantaneous reversible
reactions and reversible first-order kinetics. Numerical models for dissolution and
precipitation in a constant fracture and the surrounding porous matrix have been reported in
Savage and Rochelle (1993), Steefel and Lichtner (1994). However, the evolution of fracture
geometry was not considered in these studies. The numerical model developed by Dijk and
Berkowitz (1998) can consider the effect of dissolution and precipitation on the fracture
geometry and aperture without mechanical loading.
In summary, the above works with focus on physical and chemical effects between the fluids
and fracture walls considered important retardation mechanisms, but ignored an important
aspect of the fracture behavior – the mechanical shear that may cause significant change of
aperture, fluid flow velocity and transport paths, which may have also impact on the processes
of diffusion and sorption.
2.3.3 Fluid flow and particle transport simulations with stress effects

Several researches carried out flow simulations in rough fractures considering effects of
normal stress (Chen, 1990; Zimmerman et al., 1990; Lespinasse and Sausse, 2000; Du et al.,
2004) and normal and/or shear stresses (Yeo et al., 1998; Esaki et al., 1999; Matsuki et al.,
1999, 2004; Mitani et al., 2002, 2003, 2007). As mentioned before, the most essential point is
how to measure or calculate the fracture aperture under different stress and displacement
conditions.
The effect of contact area on the flow properties in the fracture is examined in Chen et al.
(1989), Chen (1990) and Zimmerman et al. (1990, 1992). The fracture is created by
discretizing the fracture plane into a square array and statistically generated aperture values
are given to each small square randomly. The mechanical deformation is calculated by a 3D
Boundary Element code. For the fluid flow problem, Reynolds equation is solved in 2D using
Boundary Element Method (BEM). Lespinasse and Sausse (2000) investigate numerically the
effect of normal stress on the contact area and fluid flow in different rock fractures, where the
scanned rough surfaces were numerically manipulated following the elastic closure of fracture
model, based on the Hertzian contact theory (e.g., Brown and Scholz, 1986; Yoshioka, 1989a,
1989b, 1994). Figure 2.44 shows the simulation results. Du et al. (2004) also carried out
numerical simulations for fluid flow in fractures under normal stresses using a finite
difference code, where the fracture closure under normal stresses was obtained from the
mechanical tests of the fractures.
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Fig. 2.44. The change of contact area and flow during applying normal stress obtained from
numerical simulation (Lespinasse and Sausse, 2000)

It is not easy to estimate the hydraulic conductivity/aperture from the coupled stress-radial
flow test on a rectangular specimen with radial flow because the length of flow paths is
different, and so the hydraulic gradient is also different along different flow paths. Hence, to
calculate the hydraulic gradient for evaluating test results, numerical simulation is necessary.
Esaki et al., (1999) and Mitani et al. (2002) evaluated the hydraulic aperture from their
coupled stress-radial flow test data using simplified equations based on the cubic law and a
computer code based on the Finite Difference Method, with the results showing the aperture
evolution during shear. Mitani et al. (2003, 2007) simulated the unidirectional (parallel with
the shear displacement) flow using a 2-D Finite Difference flow code and the simulation
results are compared with the results from the coupled shear-flow experiment. In this
simulation, the upper and lower surfaces are moved following the dilation curve obtained
from the experiments.
Matsuki et al. (1999) created synthetic fractures by a fractal model and simulated the flow in
sheared fracture models. In their work, the upper surface of the fracture was moved
numerically to simulate the shear displacement history, with the number of contact points kept
constant, and asperity degradation was not considered. For the flow boundary conditions, the
flow both parallel with and perpendicular to the shear direction was considered. Matsuki et al.
(2004, 2006) and Matsuki and Sakaguchi (2006) extended their previous works to investigate
the scale effect on the flow in sheared fractures with different fracture model size from 0.2 m
to 12.8 m. The results obtained from this numerical flow experiment were evaluated in terms
of mean (mechanical) aperture and standard deviation of the initial aperture (Fig. 2.45). The
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Fig. 2.45.The effects of fracture size and shear displacement on the eh/em versus em/ σ 0 . Eq.
(1) in the figure is Eq. (2.15) in the text (Matsuki et al., 2004).

following size-independent relation between the normalized hydraulic aperture and
normalized mean aperture was proposed to estimate the hydraulic aperture:
eh
1.13
= 3 1−
,
1.93
em
1 + 0.191(2em σ 0 )

(2.15)

where eh is the hydraulic aperture, em is the mean mechanical aperture and σ 0 is the standard
deviation of the initial aperture, which is defined as the standard deviation of aperture when
the two rough surfaces have one contact and never penetrate each other.
Yeo et al. (1998) carried out flow simulations for a sheared fracture with fluid flow direction
both parallel with and perpendicular to the shear direction and compared with the results from
coupled shear flow tests. Their results clearly show the significant flow anisotropy and
heterogeneity induced by the translational shear displacement up to 2 mm. Kim et al. (2004)
observed the similar shear induced anisotropy of the flow in fracture using a 3D EFM code
with 2D fracture elements.
The effects of shearing processes (translational and/or rotary shear) on the fluid flow and
transport were investigated numerically using FEM for solving fluid flow and streamline
particle tracking method for particle transport (Koyama, 2005; Koyama et al., 2006b; Koyama
and Jing, 2006). The distributions of fracture aperture during shear were obtained by
numerically generating relative translational and rotary movements between two digitized
surfaces of a rock fracture replica without considering normal loading. From the evolutions of
the aperture distributions during the shearing processes, the evolutions of the transmissivity
fields were determined by assuming the validity of the cubic law locally. The fluid flow was
simulated using different flow boundary conditions, corresponding to translational and rotary
shear processes. Corresponding to translational shear (with a 1 mm shear displacement
interval up to a maximum shear displacement of 20 mm), three different flow patterns, i.e.,
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unidirectional (flow parallel with and perpendicular to the shear direction), bi-directional and
radial, were taken into account. Corresponding to rotary shear (with a 0.5o shear angle interval
up to 90o), only the radial flow pattern was considered. The particle transport was simulated
using the streamline particle tracking method, with the particle motion following the fluid
velocity fields during shear, and was calculated by using FEM. For the unidirectional particle
transport, the breakthrough curves were analyzed by fitting to an analytical solution of 1-D
advection-dispersion equation. The dispersivity, Péclet number and tracer velocity, as well as
their evolutions during shear, were determined numerically. The results show that the fracture
aperture increases anisotropically during translational shear, with a more pronounced increase
in the direction perpendicular to the shear displacement, causing significant fluid flow
channelling. A more significant increase of flow rate and decrease in travel time of the
particles in the direction perpendicular to the shear direction were predicted. The rotary shear
and translational shear have opposite effects on fluid flow patterns in the fracture. The former
tends to make the flow pattern and particle movements more isotropic, but the latter tends to
make it more anisotropic and heterogeneous.
2.4 Summary and discussion

1) Experimental studies on coupled stress, flow and transport processes of rock fractures
The experimental studies of rock fractures have been an active field of rock mechanics. The
interest is expanding with more and more general and complicated coupling behaviour in
consideration. Although major progresses in coupled H-M, T-M, T-H-M and T-H-M-C
experiments on rock fractures have been made in laboratory, there still remain several
uncertainties about fracture behavior. Chief among them are the characterization and
measurement of roughness and aperture during mechanical loading with shearing. Due to
experimental difficulties, they remain a great challenge, especially regarding the following
issues.
a) Characterization models of roughness and aperture
An adequate and unique mathematical representation of roughness has not been realized
yet. Unfortunately, the current measurement of JRC, statistical parameters and fractal
dimension cannot characterize the fracture roughness uniquely and adequately. This
remains a great challenge. A desirable mathematical representation model should consider
the following issues regarding roughness: anisotropy, scale effect, and degradation
mechanisms and history during shear.
b) Measurement of large fractures and scale dependent of morphological properties
Most roughness and aperture measurements have been conducted in the laboratory scales.
To investigate the scale effect of morphological properties of in-situ fractures,
measurement of large rough surfaces at field scales may become necessary. The in-situ
laser scanner developed recently (Feng et al., 2003; Fardin et al., 2004) may become very
useful. However, the measured data is still too sparse to draw definite conclusions and
the more suitable method to measure the aperture in the field has not been reported yet.
c) Aperture, roughness and particle motion measurement techniques during shearing process
The accurate measurement of aperture variations under normal and shear stresses is
important for the development of coupled H-M constitutive models for fractures. To get
accurate aperture values during shear, direct measurement is desirable. However, direct
measurement of fracture aperture during shearing process poses many difficulties and
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limitations in practice. The most common way to obtain the aperture is to calculate the
distance of superimposed two rough surfaces in the direction perpendicular to the nominal
fracture plane. In this case, some assumption is always required to determine the initial
position of rough surfaces, and also the asperity degradation/damage cannot be measured
directly. Real-time measurement of evolution of aperture and surface roughness during
mechanical loading with shear, in conjunction with fluid flow and particle movement, is
needed not only to establish a numerical modelling basis, but also for the scientific
foundation of the subject.
d) Integrated experimental and numerical investigations
More intimate interaction is needed between experiments and numerical modeling from
design, implementation and result evaluation to improvement, so that more objective
assessment of the test programme and result evaluation can be achieved.
The above demands require extensive experimental and mathematical model development
work, and cannot be realized in a short time. Stepwise development is necessary, with
long-term objectives in mind.
2) Numerical models for coupled stress, flow and transport processes of rock fractures
Numerical model and simulation can be flexibly applied for complex geometry and boundary
conditions that cannot be considered in experiments, therefore can become a powerful tool for
not only more objective evaluation of test results but also helping in improvement of test
design and implementation. Many different numerical models have been proposed for flow
and solute transport in rock fractures. Some of them can consider complicated processes of
stress, displacement, fluid flow, and particle transport with advection, matrix diffusion and
sorption. The main difficulties lies in the lack of experimental support about identifications of
dominant processes, properties and parameters during mechanical deformation processes, and
more advanced mathematical models representing coupled T-H-M-C processes. Some of the
typical areas of difficulty are listed below.
a) Representation of variable aperture during coupled T-H-M and T-H-M-C processes.
The effect of variable aperture due to mechanical process (normal loading and shear
displacement), heat transfer and chemical reactions (mineral dissolution and precipitation
on fracture surfaces, for example) and the effects of their coupled interactions (coupled
T-H-M and T-H-M-C) on the flow and transport phenomena need to be considered in
numerical modeling works. To carry out such simulations, how to measure/calculate the
accurate aperture values is the key issue, especially for the model development for
asperity degradation/damage during mechanical shear. Thermal expansion and closure of
the aperture have been observed in the laboratory experiment. However, analytical and
numerical models considering thermal effect are rarely developed. Some hydro-chemical
models have been proposed (Bekri et al, 1997; Dijk and Berkowitz, 1998) and applied for
the karst evolution problems (e.g., Dreybrodt, 1990, 1996; Kaufmann and Braun, 1999).
However, the models are highly idealized and case-specific. Lack of experimental data
support is the main reason for the lack of development in this direction.
b) 3D calculations and visualization
To consider the anisotropy of hydro-mechanical properties, the numerical simulation
should be in 3D. However, there are still practical difficulties to make 3D models for very
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complex rough fracture surface representations and simulation of coupled stress, flow and
transport processes (Gutierrez and Barton, 1994).
There are many other factors affecting experimental investigations and numerical modeling of
the coupled stress, flow and transport phenomena in rock fractures, and the items summarized
above, considering only a few of them, with focus on those affecting characterization and
simulation of stress, fluid flow and solute transport processes in order to provide a necessary
background for the works in this thesis.
2.5 Motivation of the study in this thesis

In summary, many experimental investigations and numerical modeling works have been
performed in the past, and recently, regarding coupled T-H-M-C behavior of the rock
fractures. However, some of the key issues as mentioned earlier remain unresolved, such as
shear-induced fluid flow anisotropy during large shear displacements, evolution of flow and
transport properties during shear, and realizations of more representative test boundary
conditions comparing with realistic in-situ conditions. Due to practical difficulties in
laboratory tests, some of these drawbacks can only be most effectively addressed by
numerical modeling, which forms the motivation for this thesis.
Based on the above reasoning, and considering the impossibility of including all possible
areas of this complex subject, the focus of the thesis work is limited to numerical modeling of
shear-induced fluid flow anisotropy with alternative boundary conditions, some of which are
impossible to be realized in laboratory tests today, and particle transport simulations
considering only the advection mechanism without retardation. The aim is to gain initial
knowledge on coupled stress, flow and transport processes in rock fractures, a subject not
adequately investigated in either experiments or modeling, so that a proper basis for further
and in-depth research can be established.
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3

Experimental study

3.1 Coupled shear-flow-tracer testing apparatus
Fluid flows through a rough fracture following connected channels bypassing the contact
areas with tortuosity. These phenomena cannot be directly observed in ordinary laboratory
tests without a visualization device. A laboratory visualization system of coupled shear-flow
tests under the constant normal loading (CNL) and/or constant normal stiffness (CNS)
condition is developed at Nagasaki University, Nagasaki, Japan. The outline of the
fundamental hardware configuration of this apparatus is described in Fig. 3.1. It consists of
the following five units:
(1) A hydraulic-servo actuator unit.
This loading unit consists essentially of two load jacks and two sets of linear-guides for
applying uniform stresses on the upper and lower blocks of rock fracture specimens. Both
normal and shear forces are applied by hydraulic cylinders through a servo-controlled
hydraulic pump. The loading capacity is 100 kN in both normal and shear directions. The
shear force is applied on the specimen holder through two horizontal holding arms.
(2) An instrument package unit.
This system contains two digital load cells for measuring shear and normal loads.
Displacements are measured through two LVDTs (linear variation displacement transducers),
in which the one for measuring shear displacement is attached between load cells, load jacks
and the other one for measuring normal displacement is set between the upper and lower
blocks of the specimen.
(3) A mounting shear plate unit.
This unit consists of a lower and an upper plate. The upper plate connects to a slide guide that
can only move in the horizontal direction. It ensures the minimum friction and bending
movement when the upper shear box moves during shearing. The lower plate connects to
another slide guide that can only move in the vertical direction and the specimen holder is set
between these two plates.
(4) A water supplying, sealing and measurement unit.
Constant water pressures are obtained from an air compressor connecting to a water vessel.
The water pressure is controlled with a regulator ranging from 0 to 1 MPa. The two sides of
specimen parallel to the shear direction are sealed with gel sheets, which are very flexible
with perfect sealing effect and minimum frictional effect to the mechanical behavior of the
shear testing. The weight of water flowing out of the fracture is measured by an electrical
balance in real time.
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(5) A visualization unit.
One of the most important features of this aparatus is that an open observation hole is created
above the upper part of the shear box, since normal load is applied to the fracture sample from
the bottom of the shear box (Fig. 3.1). Hence, the images of the fluid flow in the fractures can
be captured by a CCD camera through this observation hole when acrylic transparent replicas
of rock fractures with natural surface features are used as the upper block of a fracture

①: Specimen (upper part)

⑫
⑪ ⑧

①
③
②

②: Specimen (lower part)
③: Gel sheet

④

⑩ ⑤

④: Shear load jack
⑤: Shear load cell
⑥: Normal load jack

⑦

⑦: Normal load cell
⑧: LVDT (shear)
⑨: LVDT (normal)

⑨

⑩: Normal load plate

⑥

⑪: Shear load plate
⑫: Hole for visualization

a)
Upper
tank

CCD camera

Air pump
LVDT
Shear box

Tracer
tank
LVDT

Lower
tank

PC
LVDT
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Electrical balance
Multifunction board
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b)
Figure 3.1. Schematic view of the coupled shear-flow test apparatus in Nagasaki
University, Nagasaki, Japan, a) normal and shear load units; b) fluid slow test mechanism
with tracer.
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specimen during tests (Fig. 3.2). Colored water, which is made by mixing water and dye (food
red) supplied from the tracer tank in the upper stream, was used to enhance the visibility of
the flow paths (Fig. 3.1b).
The CNS boundary condition is reproduced by a closed-loop in the system control software,
with electrical and hydraulic servo-controls. A nonlinear feedback of control and
measurement are carried out on a PC window through a multifunction analog-to-digital,
digital-to-analog and digital input/output (A/D, D/A and DIO) board. Collected test data
include the normal and shear forces, corresponding displacements and the strokes of the
vertical and horizontal loading cylinders. A digital control program was designed by using the
LabVIEW programming language (Jiang et al., 2004c).

CCD Camera
connected to the
manometer

shear displacement
connected to the
manometer

flow in

flow out

normal load

a)

b)
Figure 3.2. Modified shear box for coupled shear-flow-tracer test, a) schematic view of the
visualization process during coupled shear-flow tests, b) a snap shot of the shear box with
setting transparent acrylic and plaster fracture replicas for upper and lower parts,
respectively.
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3.2 Sample preparations
Fracture specimens were manufactured from two different types of rock fractures; 1) rough
surface of natural rock fractures and 2) artificially created tensile fractures. These specimens
were used for the coupled shear-flow and/or shear-flow-tracer tests, respectively.
Three natural rock fracture surfaces of granite, labeled as J1, J2 and J3, were taken from the
construction site of Omaru power plant in Miyazaki prefecture in Japan, and were used as
prototypes to producing artificial replicas of rock fractures as shown in Fig. 3.3a, b and c
(Jiang et al., 2005, Li et al., 2006), which were used in the coupled shear-flow test under
different normal loading conditions. Three replicas of fracture specimens were manufactured
from each of these three natural fracture surfaces. Among these fractures, J1 is very flat and
smooth (JRC = 0-2) with very few major asperities on its surface. The surface of J2 is smooth
but wavy with a few very large major asperities at the upper right part of the sample but near
the center (JRC = 12-14). J3 is very rough (JRC = 16-18) with a few major asperities but
plenty of small ones. The specimens are 100 mm in width, 200 mm in length and 100 mm in
height, respectively, and were made of mixtures of plaster, water and retardants with weight
ratios of 1:0.2:0.005. The surfaces of the natural rock fractures were firstly re-cast by using
the resin material, then the two parts of a specimen were manufactured based on the parent
resin replica. The topographic features between the scanning data of the rock replicas and the
replicas from the parent resin model are well matched, even to the small asperities in a scale
of 0.2 mm. Therefore, the two parts of each specimens used in this study are almost perfectly
mated. Table 3.1 shows the physical properties of these rock-like specimens.
An artificial tensile fracture sample was created in a sandstone block by a Brazilian test. This
artificially created fracture surface is quite rough (JRC = 13.47, calculated from Z2 data using
Z2-JRC relation proposed by Tse and Cruden, 1979) without major structural
non-stationarities as shown in Fig. 3.3d and e. The specimens are the same as plaster replicas
mentioned above (100 mm in width, 200 mm in length and 100 mm in height, respectively).
The two opposing surfaces of the tensile rock fracture were firstly re-cast by using resin and
silicon rubber separately and then the upper and lower parts of a fracture specimen were
manufactured based on the silicon rubber and resin replicas, respectively. The transparent
upper part of the fracture specimen was made of acrylic (this is why silicon rubber is more
suitable to create acrylic fracture replica) and the lower part of the fracture sample was made
of mixtures of plaster, water and retardants with the same mixing ration mentioned above. The
two parts of fracture specimen used in this study are not perfectly mated, as an important
initial condition for flow simulation, due to the sample damage observed during creating
tensile fractures by Brazilian test and unavoidable relocation errors before testing.
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Figure 3.3. 3-D models of fracture specimen obtained from natural rock fracture surface a)
J1, b) J2 and c) J3 and from artificially created tensile fracture, d) upper and e) lower
surfaces, based on the measured topographical data. It should be noted that the resolution
of the figures was reduced up to mesh size of 2 mm.

Table 3.1. Physico-mechanical properties of plaster specimen.
Physico-mechanical properties
Density, ρ [ g/cm3]
Compressive strength, σc [MPa]
Modulus of elasticity, Es [MPa]
Poisson’s ratio, ν[-]

Value
2.066
38.5
28700
0.23
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Physico-mechanical properties
Tensile strength, σt [MPa]
Cohesion, c [MPa]
Internal friction angle, φ [°]

Value
2.5
5.3
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3.3 Fracture surface measurement
A three-dimensional laser scanning profilometer system with an accuracy of ±20 μm and a
resolution of 10 μm (Jiang et al., 2004c, 2006; Li et al., 2006) was employed to obtain the
topographical data of both upper and lower parts of rock fracture surface (see Fig. 3.4). An
X-Y positioning table is added to the laser scanner, which can move automatically by
pre-programmed scanning paths, together with a PC computer performing data collecting and
processing in real time. The surfaces of artificially created tensile fractures were measured
with an interval of 0.2 mm in both x- and y-axes.

Figure 3.4. Schematic view of the 3-D laser scanning instrument to measure fracture
surface (Jiang et al., 2004c, 2006).

3.4 Coupled shear-flow-tracer tests under CNL and/or CNS conditions – experimental
procedure
A series of coupled shear-flow tests under constant normal stresses (CNL) and/or constant
normal stiffness (CNS) conditions were carried out without/with visualization of fluid flow
using the newly developed apparatus in Nagasaki University, Nagasaki, Japan.
The normal stress/stiffness conditions applied during the tests are summarized in Table 3.2.
The increase of normal stress due to application of normal stiffness was automatically
determined and added by the LABVIEW software of the servo-controlled test apparatus.
The flow rates were measured during the hydraulic tests with a constant hydraulic head
difference of 0.1 m during shear, with a 1 mm interval up to 18 mm and 15 mm for coupled
shear-flow tests without (using plaster fracture replicas, J1, J2 and J3) and with (using
transparent fracture replica for the upper part) visualization of fluid flow, respectively. The
shearing processes were stopped and restarted during the flow tests and measurements at
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every 1 mm shear displacement. It should be noted that the flow direction is parallel with the
shear direction. Since the sizes of the upper and lower parts are the same, the actual contact
length decreases during shear. As a result, the hydraulic gradient was not kept constant
(became slightly larger from 0.5 to 0.55 and/or 0.54) during shear so that the
back-calculations of flow rates and hydraulic conductivities were adjusted to this condition.
For the tracer tests, after measuring flow rates at each shear displacement interval, the dye
tracer (food red) was injected from upstream and dye movement was recorded through the
CCD camera.

Table 3.2 Experimental cases under CNL/CNS conditions
Normal loading condition
Specimen
Initial normal stresses, Normal stiffness,
*
CNL/CNS
σ0 (MPa)
kn (GPa/m)
J1-1
CNL
1.0
0
J1
0-2
J1-2
CNL
1.5
0
J1-3
CNS
1.0
0.5
J2-1
CNL
1.0
0
J2
12-14
J2-2
CNL
2.0
0
J2-3
CNS
1.0
0.5
J3-1
CNL
1.0
0
J3
16-18
J3-2
CNS
1.0
0.2
J3-3
CNS
1.0
0.5
Flow visualization
13.47
CNL
1.0
0
*
CNL: Constant Normal Load (stress) and CNS: Constant Normal Stiffness
Case
No.

Roughness
(JRC range)

3.5 Evaluation of aperture evolution during shear-flow-tracer tests
The representation of aperture (or transmissivity) and its evolution during shear are key issues
for simulating fluid flow and mass transport in rock fractures. In common practice, the mean
transmissivity or hydraulic aperture of a sample can be calculated from measured flow rate
from which the mean aperture is back-calculated by assuming the validity of the cubic law.
The detailed distribution of aperture/transmissivity inside the fracture cannot be directly
measured during shear tests, but could be accurately simulated by numerical simulations if
adequate topographical data of the fracture surfaces are available. During the shear-flow tests,
the mean mechanical aperture, bm, was assessed based on measured values of the items in the
following equation (Esaki et al., 1999):
bm = b0 − Δbn + Δbs

(3.1)

where b0 is the initial mechanical aperture, Δbn is the change of aperture by normal loading
(such as closure or opening), and Δbs is the change of aperture by shearing (dilation). The
initial aperture b0 under a certain normal stress can be obtained by using the measured normal
stress-normal displacement curves. Figure 3.5 shows the more detail explanation for the
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c

a’

Normal stress

b’

a
b

σ0
b0

Vm
Normal displacement

a: Test result (normal cyclic loading test, after a few cycle)
b: Elastic deformation of intact part
a’: sifted curve a to the origin of the coordinate axes
b’: sifted curve b to the origin of the coordinate axes
c: fracture deformation (a’-b’)
c’: mirror image of curve c
Vm: maximum closure, which is assumed to be equal to mechanical aperture at zero stress
σ0: initial normal stress
b0: initial normal aperture
Figure 3.5. Schematic drawing for the relation between normal stress and normal
displacement of the fracture and the evaluation method for initial aperture at a certain
initial normal stress.

evaluation method of initial aperture at a certain initial normal stress from the normal
stress-normal displacement relation of the fracture. Before starting direct shear test, a series of
cyclic normal loading tests for the fracture are usually carried out. The purpose for this test is
not only to evaluate fracture deformability against the normal stress but also to evaluate the
initial condition of the fracture in terms of normal closure. In this study, we applied four
cycles of normal loading and unloading processes (up to maximum normal stress of 4 MPa).
The curve a in Fig. 3.5 represents the normal stress displacement curve obtained after the
fourth cycle of normal loading-unloading, which includes deformations of both fracture and
intact part of the specimen materials. The deformation (linear elastic deformation) of the
intact part can be expressed as an asymptote of curve a (line b) or can be measured separately
(line b'). In this study, we measured deformability of the plaster samples used for coupled
shear-flow tests, plaster and acrylic samples used for visualization of fluid flow, separately.
Since materials were different for the upper and lower parts, the averaged deformability of
plaster (lower) and acrylic (upper) samples was taken for the coupled shear-flow tests with
visualization of fluid flow. The pure deformation of the fracture (curve c) can be calculated by
reducing line b' from curve a' (curve a sifted to the origin of the coordinate axes). The
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fracture deformation against normal stress (curve c) is usually fitted by following the
hyperbolic function proposed by Bandis (1980)) and Bandis et al. (1983) and the maximum
closure of the fracture can be defined as an asymptotic value, Vm:

σn =

ΔV j
a − bΔV j

,

(3.2)

where a and b are material constants, ΔVj is measured fracture closure, and Vm is the
maximum closure expressed as Vm = a/b.
In this study, we assumed that this maximum closure is equal to the opening of the fracture
without any normal load and the change of fracture aperture (closure) becomes a function of
normal stress, represented by curve c' (as a mirror image of curve c). The initial aperture, b0 at
a certain initial normal stress, σ0 can be calculated from curve c’ and the following equation.

b0 = Vm − ΔV j .

(3.3)

Under the constant normal loading (CNL) conditions, Δbn could be zero when the initial
aperture under a certain normal stress is considered in b0, and Δbs is the measured normal
displacement (dilation) during shear. It should be noted that for the tests under the constant
normal stiffness (CNS) conditions, the normal stress changes with both the normal and shear
displacements, therefore, Δbn itself should be revised due to the corresponding normal stress
variation during shear and Δbs is also the measured normal displacement (shear dilation). The
evaluated mean normal displacement of the sample during shear is then used in the numerical
simulations for evaluating shear-induced changes of mechanical apertures of elements in the
FEM models (in Chapter 4).
During the shear-flow tests, the mechanical aperture under CNL condition at any measuring
point (i,j), where i is parallel with the shear direction (in the x-direction) and j is perpendicular
to the shear direction (in the y-direction), at shear displacement u (in the -x-direction) could be
written as:

bm (i, j ) = b0 (i, j ) + Δbs (i, j )
= Z U (i + u, j ) + V (u ) − Z L (i, j )
= [b0 (i + u , j ) + Z L (i + u , j )] + V (u ) − Z L (i, j )

(3.4)

where V(u) is the shear dilation at a shear displacement of u interval, i+u indicates the point
number on the upper surface facing the corresponding point i on the lower surface. ZU and ZL
represent the heights of the upper and lower surfaces of the fracture specimen at any points,
respectively.
When its two opposing surfaces are just in touch or penetrate each other with negative values
of contact distance, which represents a contact zone and is assigned with a zero aperture. In
reality the latter represents surface damage/asperity degradation. Asperity deformation was
not considered but damage at contact points were partially approximated by removing the
overlapping parts of contacting asperities in the contact elements.
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3.6 Results
3.6.1 Coupled shear-flow tests without visualization of fluid flow
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The shear behaviors of the tested fracture specimens are illustrated in Fig. 3.6. For a fracture,
larger shear stresses could be obtained under either higher normal stress or higher normal
stiffness at the same initial normal stress, depending on the surface roughness and stiffness of
asperities. Normal displacement is the most important behavior in the coupled shear-flow tests

J3-1
J3-2
J3-3

2.5
1.5
0.5
-0.5 0

2

4 6 8 10 12 14 16 18 20
Shear displacement (mm)

Figure 3.6. Direct shear test results on specimens J1, J2 and J3. The left three figures show
the shear stress versus shear displacement and the right ones are normal displacement
versus shear displacement. The test results shown in this figure were directly taken from the
recording system of test apparatus without any embellishment. The wobbles in the figures
are due to the interaction and destruction of asperities on the upper and lower fracture
surfaces during shearing. The rougher a fracture surface is, the more obvious the wobbles
become.
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for quantifying the change of aperture or transmissivity. Normal displacement is usually
called dilation because it is primarily an increasing process during a shearing. As shown in the
figure, for a fracture specimen, the larger normal stress or normal stiffness is, the larger
magnitude of normal displacement could be inhibited. Normal behavior of a fracture depends
also on the roughness of the fracture surface. Generally, the rougher the fracture surface is, the
larger normal displacement could be obtained (Gentier et al., 2000; Jiang et al., 2004c, 2006).
The measured flow rate at the outlet are shown in Table 3.3 and plotted in Fig. 3.7. Fracture
transmissivites, T, and their changes can be back calculated from measured flow rates using
the following equation and plotted in Fig. 3.8.

T=

Q
,
iW

(3.5)

where Q is measured flow rate, i is hydraulic gradient and W is the sample width.

Table 3.3. The measured flow rates at the outlet for fracture samples, J1, J2 and J3.
Shear disp. mm
0
1
2
3
5
7
10
15
18
Shear disp. mm
0
1
2
3
5
7
10
15
18
Shear disp. mm
0
1
2
3
5
7
10
15
18

J1-1 (CNL, 1.0 MPa)
0
0
8.12950e-09
1.72772e-07
9.43940e-07
3.00427e-06
7.00030e-06
8.60757e-06
8.81021e-06
J2-1 (CNL, 1.0 MPa)
0
0
0
1.13165e-05
6.50348e-05
1.19088e-04
2.01899e-04
3.35687e-04
3.58716e-04
J3-1 (CNL, 1.0 MPa)
3.58724e-08
1.49147e-08
3.68031e-07
3.25112e-06
8.07910e-06
9.71590e-06
1.60356e-05
5.20220e-05
2.67115e-05

J1-2 (CNL, 1.5 MPa)
1.81527e-08
1.44462e-08
1.34094e-08
1.29522e-07
1.38844e-06
2.37139e-06
4.29543e-06
5.93071e-06
7.14229e-06
J2-2 (CNL, 2.0 MPa)
3.75120e-08
2.47719e-08
2.88645e-08
2.48801e-07
9.58067e-06
2.71505e-05
6.36110e-05
1.66669e-04
2.14310e-04
J2-2 (CNS, 0.2 GPa/m)
8.97865e-07
8.40683e-07
4.82259e-07
5.81058e-07
6.79677e-06
1.56840e-05
2.09378e-05
2.27004e-05
3.13601e-05
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J1-3 (CNS, 0.5 GPa/m)
1.30549e-09
4.12363e-08
4.80882e-07
8.90127e-07
2.37156e-06
4.87957e-06
6.76332e-06
7.94210e-06
7.83149e-06
J2-3 (CNS, 0.5 GPa/m)
0
0
1.67959e-07
9.01623e-06
2.00361e-05
4.67508e-05
7.81407e-05
1.10198e-04
1.38249e-04
J3-3 (CNS, 0.5 GPa/m)
0
0
5.39595e-09
1.11948e-06
5.41128e-06
1.25061e-05
1.77187e-05
2.64049e-05
3.40015e-05
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Figure 3.7. The measured flow rates at the outlet for fracture samples, a) J1, b) J2 and c)
J3, as a function of shear displacement with different normal loading conditions (see Table
3.2).
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Figure 3.8. Two-phase behavior of the change of transmissivity during shearing for
fracture samples, a) J1, b) J2 and c) J3, with different normal loading conditions (see Table
3.2). A negative dilation of fracture occurs when a shear starts, which causes the decrease
of conductivity in phase I. After this, a rapid increase happens till the second phase in
which the conductivity trends to keep constant.
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As shown in Fig. 3.8, the changes of transmissivities exhibit an obvious two-phase behavior.
For all test cases, the transmissivities increase gradually at a relatively high gradient in the
first several millimeters of shear displacement and then continue to increase but with a lower
gradient, gradually reaching to zero. Similar behaviors have also been reported in other
shear-flow tests (e.g. Esaki et al., 1999; Olsson and Barton, 2001). The experimental results
indicate that a rougher fracture may have higher gradient in the first phase and the second
phase comes sooner. Under the same stress environment, a rougher fracture would produce
larger normal displacement during shear so that it could obtain higher transmissivities in the
second phase. The peak shear stress generally comes earlier than the turning point of
transmissivity as shown in Fig. 3.6 and Fig. 3.8, which could be explained by the damage
process of asperities on the fracture walls during shear as described later.
The Reynolds numbers were calculated from the measured flow data during the tests. The
Reynolds number for flow through single rock fractures is defined as
Re =

ρQ
μW

⎛ ρU b ⎞
⎜=
⎟,
⎜
μ ⎟⎠
⎝

(3.6)

where Q is the measured bulk flow rate through the fracture, W is the fracture sample width,
b is the mean fracture aperture, the product bW represents the average cross-sectional area,
and U is characteristic fluid velocity (such as the mean flow velocity using aperture–average).
The calculated Reynolds numbers for each shear displacement from Eq. (3.6) are shown in
Table 3.4 and Fig. 3.9.
The Reynolds numbers increase from almost 0 to 70, 3000 and 400 for fracture samples J1, J2
and J3 respectively (depending on the hydraulic gradients) during the shear with the change of
flow rate/velocity. Quite high Re values were obtained for fracture sample J2, especially after
at large shear displacements. During the shear tests, the hydraulic gradients were carefully
controlled to keep the Re numbers within an empirical range for laminar flow on the current
test apparatus to avoid the occurrence of turbulent components in the fluid flow. The
hydraulic head gradients applied in the shear-flow tests (for fracture sample length of 20 cm)
are in a range of 0.25-10 and they should be decreased during the shear to inhibit the fast
increases of flow rate and Re number. Further improvement of the test apparatus supporting
lower hydraulic gradients to avoid the turbulent flow without decreasing the accuracy of
measurement will be required.
According to Olsson (1998), Re<300 and Re<2300 are the upper limits for laminar flow for
rough and smooth fractures, respectively. Fig. 3.9 and Table 3.4 show that the limit of
Re=2300 and Re=300 are broken under lower normal stresses for fracture sample J3 (J3-1)
after shear displacement of 14 mm and after 5mm of shear displacement for J2 (J2-1).
Otherwise, all tested flow are within the Re limit for laminar flow. Therefore, use of Reynolds
equation for solving the flow can be accepted.
Figure 3.10 shows the changes of aperture distributions of testing cases J1-1, J2-1 and J3-1
during shearing, respectively. It should be noted that the mechanical and hydraulic apertures
in the graphs were calculated from initial mechanical aperture and shear dilation using Eq.
(3.1) and measured flow rates, respectively. The aperture fields change remarkably when a
shear starts, i.e. in phase I. After that, the change trends to become smaller and steady, due to
the graduate reduction of dilation gradient in phase II (as shown in Fig. 3.8). The contact ratio
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changes reversely to the transmissivity change in a shearing, which represents an opposite
effect of contact area on the transmissivity. There is a rapid drop of contact ratio in phase I
and then it keeps a small value in phase II. For a rougher fracture (such as J2 in Fig. 3.10b),
such reduction of contact ratio will be more significant. The peak shear stress occurs when the
major asperities on the fracture surface lose their resistance to the shear and being destructed,
while most asperities are undamaged and few gouge materials are generated. After that, the
remaining asperities are crushed gradually, generating plenty of gouge materials and
increasing the contact ratio.

Table 3.4. Calculated Reynolds numbers, Re of the flow in the test conditions
Shear disp. mm
0
1
2
3
5
7
10
15
18
Shear disp. mm
0
1
2
3
5
7
10
15
18
Shear disp. mm
0
1
2
3
5
7
10
15
18

J1-1 (CNL, 1.0 MPa)
0
0
0.06218
1.32150
7.22002
22.9791
53.5440
65.8377
67.3877
J2-1 (CNL, 1.0 MPa)
0
0
0
86.5577
497.439
910.880
1544.28
2567.61
2743.75
J3-1 (CNL, 1.0 MPa)
0.27438
0.11408
2.81500
24.8672
61.7956
74.3151
122.654
397.907
204.311

J1-2 (CNL, 1.5 MPa)
0.13885
0.11050
0.10257
0.99069
10.6199
18.1383
32.8550
45.3629
54.6300
J2-2 (CNL, 2 MPa)
0.28692
0.18948
0.22078
1.90303
73.2808
207.669
486.549
1274.82
1639.22
J3-2 (CNS, 0.2 GPa/m)
6.867605
6.430231
3.688709
4.444403
51.98725
119.9642
160.1494
173.6314
239.8675
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J1-3 (CNS, 0.5 GPa/m)
0.00999
0.31540
3.67818
6.80842
18.1396
37.3229
51.7314
60.7476
59.9016
J2-3 (CNS, 0.5 GPa/m)
0
0
1.28479
68.9635
153.252
357.588
597.683
842.887
1057.44
J3-3 (CNS, 0.5 GPa/m)
0
0
0.041273
8.562729
41.38984
95.65674
135.5272
201.9662
260.0714
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Figure 3.9. Calculated Reynolds numbers, Re and their changes during shear for fracture
samples, a) J1, b) J2 and c) J3 with different normal loading conditions (see Table 3.2).
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Figure 3.10. Comparison of the change of mechanical aperture hM, hydraulic aperture hH
and contact ratio c of specimens J1-1, J2-1 and J3-1 during shearing under constant
normal stress of 1 MPa. The upper three figures in figures (a), (b) and (c) show the
distributions of mechanical apertures at shear displacements of 2mm, 8mm and 16mm,
respectively. The white parts in these figures are the contact areas. The contact ratios at the
initial state (zero shear displacement) for each case were assumed to be 0.9 since the
fracture specimens were almost perfectly mated.

The influences of morphological behaviors of rock fractures on the evolution of aperture
distributions are also reflected in Fig. 3.10. Aperture distributions can be obtained from
numerically simulated shearing processes of rough surfaces using measured roughness data of
fracture specimens and direct shear testing results with Eq. (3.4). The simulated mean
aperture and its standard deviation for all testing cases (different specimens with different
normal loading conditions) are plotted in Fig. 3.11. The mean aperture and its standard
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deviation increase with increasing shear displacement for all cases. The mean aperture
significantly decrease with increasing normal stress (comparing J1-1 with J1-2 and/or J2-1
with J2-2 in Table 3.2). On the other hand, standard deviation of aperture does not change
very much under CNL and CNS conditions, comparing curves of J1-3, J1-2, J2-3 and J3-3
with their corresponding cases of the same group with normal stress conditions (cf. Table 3.2).
Note a ‘sill’ of aperture of 0.6 mm can be observed at about 15 mm of shear displacement
only for sample J1, because of its relative smoothness. No such ‘sills’ can be estimated at the
18 mm shear displacement for samples J2 and J3 due to their much increased waviness and
roughness.
The frequency histograms of the aperture distribution of the fracture sample J1 at different
shear displacements are plotted in Fig. 3.12. For all cases (under different normal loading
conditions), the shape of the frequency histograms of aperture distribution changes from
being sharp to flatter, indicating that mean aperture and its standard deviation increase with
increasing shear displacement (see Fig. 3.11). The frequency histograms also clearly show the
significant decrease of contact areas (aperture values are equal to zero) during shear,
especially at early stage of shearing. The similar change of the shape of histograms and the
reduction of contact areas were observed by Sharifzadeh et al. (2004a, 2004b, 2007). This
observation may be important for fluid flow simulations using discrete fracture networks
(DFN) assuming stochastic distributions of apertures (or transmissivities). Since most of
stochastic DFN approaches consider only initial distributional behaviors, the shear induced
change of aperture distributional behaviors cannot be considered.
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Figure 3.11. The mean and standard deviation of fracture aperture as a function of the
shear displacement for different fracture samples, a) J1, b) J2 and c) J3, with different
normal loading conditions (see Table 3.2).
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Figure 3.12. The frequency histograms of the aperture distributions of the sample J1, a)
J1-1 (CNL, 1 MPa), b) J1-2 (CNL, 1.5 MPa), c) J1-3 (CNS, 0.5 GPa/m) and J2, d) J2-1
(CNL, 1 MPa), e) J2-2 (CNL, 2.0 MPa) and f) J2-3 (CNS, 0.5 GPa/m) as a function of
shear displacement.
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Figure. 3.12 (continued). The frequency histograms of the aperture distributions of the
sample J3 as a function of shear displacement with different normal loading conditions, g)
J3-1 (CNL, 1 MPa), h) J3-2 (CNS, 0.2 GPa/m) and i) J3-3 (CNS, 0.5 GPa/m).

Zimmerman and Bodvarsson (1996) revealed that, in general, reasonably accurate predictions
of conductivity could be made by combining either the perturbation results, Eq. (3.7), or the
geometric mean, Eq. (3.8), with the tortuosity factor given by Equation (3.9), written as
3

2

hH3 ≈ h [1 − 1.5σ h2 / h + ⋅ ⋅ ⋅]
hH3 = k eff ≈ k G = e

ln k

=e

ln( h 3 )
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=e

3 ln k

= (e

(3.7)
ln h

) 3 = hG3

(3.8)
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hH3 = h03 (1 − 2c )

(3.9)

where hH is the hydraulic aperture, 〈h〉 is the arithmetic mean value of h, σh is the standard
deviation of h, keff is the overall effective transmissivity, kG is the geometric mean of the
transmissivity distribution, and c is the contact ratio, respectively.
In this study, a series of combinations of different forms of aperture predictors with the
tortuosity factor (1-2c) were evaluated as follows:
•
•
•

Predictor (1): 〈 h 3 〉 (1 − 2c)
Predictor (2): 〈 h〉 3 (1 − 2c)
Predictor (3): hG3 (1 − 2c)

•

Predictor (4): 〈 h〉 3 [1 − 1.5σ h2 / 〈 h〉 2 ](1 − 2c)

Results are shown in Fig. 3.13 for the tests on three kinds of fracture specimens under the
CNL ( σ n=1 MPa) boundary conditions, respectively. Herein, the “transmissivity” is not the
ordinary T, but the cubic of mechanical aperture with a unit of 10-12 m3. The results show that
〈h〉 3 is a more accurate predictor than 〈 h 3 〉 for predicting hydraulic transmissivity. For the
test case of J1-1, the mechanical aperture 〈h〉 itself agrees well with the hydraulic aperture
hH as back-calculated using the cubic law. Further modifications such as presented by
predictor (3) or predictor (4) would underestimate the transmissivity. When the roughness of
fracture increases, the predictors (3) and (4) give the closer predictions to the experiment data.
For the test case of J3-1, the hydraulic aperture is much lower than the mechanical aperture,
due to the influence of tortuosity produced by the complicated structure of void space and
contact area. The tortuosity factor (1-2c) plays a significant role when combined with
predictor (2) in Fig. 3.13a and b, and with predictor (4) in Fig. 3.13c. These predictors behave
similarly for the other six test cases.
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Figure 3.13. Comparisons of various predictors to experiment results for test cases J1-1,
J2-1 and J3-1. Predictor (3) and (4) are more accurate predictors when a fracture is rough
enough to effectively produce complicated void geometry as shown in Fig. 3.10.

87

Tomofumi Koyama

TRITA-LWR. PHD 1036

3.6.2 Coupled shear-flow tests with visualization of fluid flow

Figure 3.14 shows the images of flow fields captured by CCD camera during the tests at
different shear displacement of 1, 5, 10 and 15 mm. From these pictures obtained from the
experiment, the red color becomes darker at shear displacement of 5 mm. This means that dye
thickness becomes thicker with increasing fracture opening (dilation) during the shear and
fracture becomes more permeable. These pictures also clearly show the contact area
distribution and its change during the shear. The contact areas were localized with decreasing
its ratio during shear and the dye flows bypassing the contact areas.
Figure 3.15 shows the measured shear stress and normal displacement (shear dilation) curves
during shear. The oscillations of small magnitudes in the stress curves are probably due to the
fact that shearing processes were stopped during the flow tests and measurements at every 1
mm shear displacement. Continuous increase of the shear dilation indicates continuous
increase of the aperture.
The flow rates were measured at the outlet and plotted in Fig. 3.16. Note that the zero flow
rates cannot be plotted in the figure with log-scaling in the axis for flow rate (at 3 mm shear
displacement in the experiment) and no flow measurement was made at 4 mm shear
displacement during the experiment. The measured flow rates show the slight decease up to 3

shear direction

flow direction

1 mm

5 mm

10 mm

15 mm

Figure 3.14. The images of the fluid flow captured by a CCD camera at different shear
displacement of 1, 5, 10 and 15 mm.
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Figure 3.15. Direct shear test results on fracture sample. The shear stress versus shear
displacement and the normal displacement versus shear displacement (dilation curve).
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Figure 3.16. The measured flow rates at the outlet as a function of shear displacement.

mm shear displacements (because of negative dilation, aperture closure until 3 mm, see Fig.
3.14) and sharp increase about at 5 mm shear displacement but with a progressive reduction
of gradient, and more stabilized flow rate after the 7 mm shear displacement. The general
increase of flow rate is about 3 orders of magnitude from the initial state before shear. These
general behaviors agree with the general understanding of the flow behavior of rock fractures.
The calculated Reynolds number using Eq. (3.6) were listed in the Table 3.5. The resultant
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Reynolds numbers are generally small and satisfy the requirements for laminar steady state
flows, as we assumed.
Table 3.5. Calculated Reynolds numbers, Re and their changes during shear.
Shear disp. mm
0
1
2
3

Re
2.169822
1.944902
0.458229
0

Shear disp. mm
5
7
10
15
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Re
15.70774
49.67873
53.37906
113.6536
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4

Numerical simulations of fluid flow and particle transport

4.1 Numerical simulation methodology
4.1.1 Flow simulations
When flow rate is low and the fracture surface geometry is relatively smooth and does not
vary too abruptly the Reynolds equation can be used, instead of the full Navier-Stokes
equation, to describe the flow in fractures (Zimmerman et al., 1991, 1996; Yeo et al., 1998).
Assuming that the flow of an incompressible fluid through the fracture follows the cubic law,
in a steady state, the Reynolds equation governing the fluid flow in a rock fracture can be
written as
∂ ⎛ ∂h ⎞ ∂ ⎛ ∂h ⎞
⎜ Txx ⎟ + ⎜ Tyy ⎟ + Q = 0 ,
∂x ⎝ ∂x ⎠ ∂y ⎜⎝ ∂y ⎟⎠

(4.1)

where Q is the source/sink term (positive when fluid is flowing into the fracture), and Txx and
Tyy are the fracture transmissivities in the x- and y- directions, respectively. In this study, the
local transmissivity at each point is assumed to be equal in x- and y- directions for simplicity
and is defined by

ρ f gb3
Txx = Tyy = T ( x, y ) =
,
12μ

(4.2)

where μ is the dynamic viscosity, ρf is the fluid density, g is the gravitational acceleration, and
b is the local fracture aperture (calculated using Eq. (3.1)), respectively. The local
transmissivity of the fracture can be determined locally, such as element by element for a
FEM grid, according to the aperture evaluation results. In this study, the density and dynamic
viscosity of water at 10°C (for coupled shear-flow tests for fracture replicas, J1, J2 and J3)
and 20°C (for coupled shear-flow tests with visualization of fluid flow) were taken as ρf
=9.997×102 (10°C), 9.982×102 (20°C) kg/m3, and μ=1.307×10-3 (10°C), 1.002×10-3 (20°C)
Pa·s, respectively, with a gravitational acceleration of g = 9.807 m/s2.
Applying the Galerkin FEM method to the Eq. (4.1), the discretized FEM formulation of the
above governing equation becomes

∑ [K ( ) ]{h( )} = ∑ {F ( )},
N

m

m

m =1

N

m =1

with
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[K ( ) ] = ∫ [B( ) ] [D( ) ][B( ) ]dS ,
m T

m

m

m

S (m )

{F ( )} = ∫ [N ( ) ] Q(
m

m

T

[

]

T⎛
∂h
∂h ⎞
dS − ∫ ( m ) N (m ) ⎜⎜ T nx + T n y ⎟⎟dL ,
L
∂y ⎠
⎝ ∂x

m)

S (e )

(4.4a)
(4.4b)

where N is the total number of elements, m the element number, and [K(m)], {h(m)}, {F(m)},
[N(m)], S(m) and L(m) are the local transmissivity matrix, hydraulic head vector, flux vector,
shape function matrix, surface area and the boundary in which the flow rate is known for
element m, respectively. The symbols nx and ny are the unit normal vector components to the
boundary in the x and y-direction, respectively. The matrices [D(m)] and [B(m)] are defined as

[D ( ) ]
m

⎡ ρ gb (m ) 3
⎢ f
0
⎡T
⎤ ⎢ 12 μ
=⎢
⎥=
⎣ 0 T ⎦ ⎢⎢
0
⎢⎣

⎧ ∂h ⎫ ⎧ ∂
⎪⎪ ∂x ⎪⎪ ⎪⎪
⎨ ∂h ⎬ = ⎨
⎪ ⎪ ⎪∂
⎪⎩ ∂y ⎪⎭ ⎪
⎩

⎤
⎥
⎥,
(m )3 ⎥
ρ f gb
⎥
12 μ ⎥⎦
0

(4.5)

[N ( ) ]

⎫
⎪
∂x ⎪ h (m ) = B (m ) h (m ) .
T ⎬
N (m ) ⎪
∂y ⎪⎭
m

[

T

] { } [ ]{ }

(4.6)

To solve Eq. (4.3) numerically, the commercial FEM software, COMSOL Multiphysics
(2006) was used to simulate flow processes during shear in this study. The number of the
scanning points on the fracture specimen surfaces for representing the roughness and
calculating the local apertures is very large (2000×1000 points) for each specimen, even
though they are regularly distributed over the specimen area. For FEM simulations, the
digitalized aperture fields of the fracture specimens were divided into 20000 (200×100) small
square grids of an edge length of 1.0 mm. The mean aperture of each grid zone was calculated
at each shear displacement interval (1.0 mm). Numerical shearing is simulated by moving the
upper surface by a horizontal translation of 1 mm in the shear direction, then uplifting the
upper surface by the dilation increment according to the measured mean shear dilation value
at that shear interval. For fully mated specimens, full contact was assumed everywhere with
zero aperture as the initial condition in the numerical simulations. When translational shear
and dilation displacements were enforced during the numerical simulations of the shearing
processes as mentioned above, the previous full contact pattern was broken and some new
voids and new contact areas were generated and the contact conditions and apertures must be
re-evaluated for all grid zones. When a zone has its two opposing surfaces separated, it
represents a void zone and its aperture was evaluated as the mean distance in the direction
normal to the mean plane of the fracture. When its two opposing surfaces were just in touch
or penetrate each other with negative values of contact distance, therefore representing a
contact zone and was assigned with a zero aperture. In reality the latter represents surface
damage/asperity degradation. The degree of such approximation depends much on the
scanning grid mesh resolution of the fracture surfaces and the chosen FEM model mesh.
Some compromises and simplifications must be adopted to make a reasonable size of the
FEM model for flow simulations. All void zones as assumed to be parallel plate models
obeying the cubic law locally with a constant mean aperture. Please note that in the reality of
tests in laboratory, perfect full contact may or may not be realized since relocation errors
(putting two opposite surfaces back to their assumed initial relative positions) always exist, to
varying extents.
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In the numerical modeling of fluid flow, effect of gorge materials was ignored since negligible
amount of gorge materials were observed during tests. Asperity deformation was not
considered but damage at contact points were partially approximated by removing the
overlapping parts of contacting asperities in the contact elements. Their effects on shear
dilation and fluid flow were, however, reflected in the measured total flow rate and normal
displacement values. Because of the fully mated initial conditions of fracture specimens, the
shear-induced dilation became the only mechanism contributing to the changes of aperture
and served as the controlling parameter for the evolutions of aperture/transmissivity fields.
Since irregular triangle elements were used in the COMSOL modeling for fluid flow, which is
more flexible for treatment of the complex contact geometry with much finer FEM meshes
around the contact areas, the regular rectangular grid aperture data evaluated using the
approach described above paragraph was linearly interpolated for the triangle elements. This
technique was applied to evaluate the elemental transmissivity, which can be calculated from
aperture value using Eq. (4.2), assuming local validity of the Reynolds equation, at each shear
displacement interval to simulate the fluid flow through the fracture during shear.
Both unidirectional flows parallel with and perpendicular to the shear direction were
considered in the flow simulations by fixing the initial hydraulic heads of 0.1 m and 0 m
along the left- and right-hand boundaries for the flow parallel with the shear direction (Fig.
4.1a), and the bottom and top boundaries for the flow perpendicular to the shear direction (Fig.
4.1b), respectively. The flow boundary condition for the flow parallel with the shear direction
is the same as the one used in the laboratory coupled shear-flow tests presented in the
previous chapter. As mentioned before, since the sizes of the upper and lower parts of the
specimens are the same, the actual contact lengths decrease during shear. As a result, the
hydraulic gradient was not constant (became progressively larger) during shear for the flow
parallel with shear direction. The flow boundary condition for the flow perpendicular to the
shear direction has many technical difficulties to overcome in the laboratory coupled
shear-flow tests and therefore, no measurements for the fluid flow perpendicular to the shear
direction have been made successfully in the laboratory tests. Hence, the presented simulation
results in this thesis for fluid flow perpendicular to the shear direction are pure predictions.
For the numerical treatment of the contact areas, once zero values are given to the aperture, all
components of the calculated local transmissivity matrix, [K(m)] in Eq. (4.4a) becomes zero
and assemblage of the local transmissivity matrix becomes singular. Therefore, Eq. (4.3)
cannot be solved without special treatment. One usually adopted numerical technique to avoid
such singularities is to assign very small aperture values to the contact elements to generate
non-singular transmissivity matrices (e.g. Brown, 1987; Mitani et al., 2003; Kim et al., 2004;
Yasuhara and Elsworth, 2006). However, by giving these artificial, even very small,
transmissivity values for the elements in contact areas, due to their high resistance to the fluid
flow, large hydraulic head drop will occur inside the contact areas. As a result, iso-potential
contour lines become very dense through them and some flow, even very small, still exists
inside the contact areas as a numerical artifacts. This may not affect the calculations of global
hydraulic variables such as the mean flow rates. However, it may affect the local pattern of
the streamlines around the contact areas and give artificial changes to the particle transport
paths that may change the travel distances and time, dispersion and tortuosity. Hence, in this
study, contact areas/elements were numerically eliminated from the calculation domain and
their boundaries were treated as additional internal boundaries with a zero flux condition
∂h ∂n ≡ (∇h ) ⋅ n = 0 , where n is the outward unit normal vectors of the contact areas, in order
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to satisfy conditions of no flow into or out of the contact areas (Zimmerman et al., 1992), as
shown in Fig. 4.1a and b. This processes for finding contact areas, eliminating them from the
element assemblage process and treating them as internal no-flux boundaries was done
automatically by using a CAD system. Once the updated calculation domain with contact
areas treated as additional boundary conditions, it is straightforward to apply the geometrical
and the external/internal boundary conditions in the FEM models suitable for the COMSOL
code for flow simulations. One of the FEM meshes of the fracture specimens thus generated
for fluid flow simulations in this study is shown in Fig. 4.1c. The use of irregular triangle
mesh to quantify the elemental hydraulic transmissivities is explained above.

No flow

h=0 m

h=0 m
No flow
contact
areas

No flow
contact
areas

h=0.1 m

No flow

No flow
shear direction

a)

b)

h=0.1 m

No flow
shear direction

y

x
c)

Figure. 4.1. Boundary conditions for the flow model, a) parallel with and b) perpendicular
to the shear displacement, and c) a typical FEM mesh.
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4.1.2 Particle transport using particle tracking method
The general form of advection-dispersion equation of the solute transport was adopted as the
basis of the particle transport study, which can be written as
Rρθ

∂c
∂c
∂ ⎛
∂c ⎞
⎟⎟ − ρθVi
⎜⎜ ρθDij
− Rρθλc + Qc ,
=
∂xi
∂t ∂xi ⎝
∂xi ⎠

(4.7)

where c is the volumetric concentration, R is the retardation coefficient [M-1L3], ρ is the
fluid density [ML-3], θ is the volume water content [-], t is time [T], Dij is the dispersion
tensor [L2T-1], Vi is the actual velocity [LT-1], λ is the decay rate [T-1], and Qc is the
source/sink term per unit time. The parameters R and λ are greater than or equal to 0, and Dij
is a symmetric and positively semi-definite tensor.
To solve Eq. (4.7) numerically, the following three different approaches are usually adopted,
1) Eulerian, 2) Lagrangian and 3) mixed Eulerian-Lagrangian approaches. In the Eulerian
approach, the advection-dispersion equation can be discretized and solved using a fixed
grid/mesh using a finite difference or finite element method. However, when advection is
dominant over dispersion (with larger Péclet numbers), this method may sometimes become
unstable. This is the so-called overshoot/undershoot effect that causes oscillation in the
numerical solutions (Pinder and Gray, 1977). To avoid these instabilities and guarantee the
convergence of the solution, the calculation time step and grid size should be kept very small,
i.e., the Courant number should be smaller than 1.0 for determination of the suitable time step.
Sudicky (1989) proposed the LTG (Laplace Transform Galerkin) method, where
advection-dispersion equation was transformed into a more stable equation using Laplace
transformation and solved the problem in the Laplace space. However this method is
applicable only for steady state flow and linear problems.
Another possibility consists of solving the equation by means of a Lagrangian approach,
which requires a deforming grid, i.e. a grid with moving coordinates. Advection and
dispersion are expressed as the particle movement following the flow velocity field and
deviation (random movement) from the stream line are equivalent to dispersion, respectively.
Since numerical instabilities are much less observed, the Lagrangian approach is suitable
where advection is more dominant over dispersion. However, a disadvantage is that the
determined concentration function is not smooth and usually requires certain data processing
and smoothing. The third approach is the mixed Eulerian-Lagrangian approach. Assuming
that the volumetric concentration c can be divided into two parts, one related to advection c
and the other to dispersion c~ .
c( x , t ) = c ( x , t ) + c~ ( x , t ) .
(4.8)
i

i

i

Then, the advection-dispersion equation, Eq. (4.7), can be separated into two independent
equations, a purely hyperbolic ‘advection equation’ in terms of c expressed as Eq. (4.9), and
a predominantly parabolic ‘dispersion equation’ in terms of c~ expressed as Eq. (4.10)
(Neuman, 1981; 1984). This approach has fewer limitations, due to the fact that it can handle
the entire range of Péclet numbers from 0 to ∞, with Courant numbers well in excess of 1.

dc ∂c Vi ∂c
=
+
= −λ c ,
dt ∂t R ∂xi
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Rρθ

dc~
∂ ⎛
∂c ⎞
⎟ − Rρθλc~ + Qc .
⎜⎜ ρθDij
=
dt ∂xi ⎝
∂xi ⎟⎠

(4.10)

As the focus of research is to gain basic knowledge about particle transport phenomena in a
rough fracture during mechanical shear, rather than developing sophisticated transport
simulation methods, a straightforward and highly simplified modeling approach was adopted.
In this study, a Lagrangian approach considering only the advection process (Eq. (4.9)) was
adopted. The random dispersion due to diffusion of the solute particles within the fluid in
fracture, and other retardation mechanisms such as sorption or decay, were not taken into
account. As the steady-state fluid flow was assumed, particle tracking along the streamlines
was used. An iteration process was used to advance particles along the streamlines in the flow
field in order to calculate their travel paths and travel time, and then the shear-induced
changes in the breakthrough curves and Péclet number of the particle motion were calculated.
With the above assumptions and simplifications, for the problem of particle advection in a
steady state fluid flow field, assuming λ = 0 in Eq. (4.9), the new position of a particle j in
the tracking step i+1 is given by
t i +1

x ij+1 = x ij + ∫ i
t

V
dt ,
R

(4.11)

where x ij+1 is the position vector of the particle j after the iteration step i+1 and x ij is the
position vector of the particle j in iteration step i and V is the velocity vector. In this case, R =
1. The integration in Eq. (4.11) leads to the mean flow velocity value V for a certain
element. Hence, the increment of residence time can be calculated approximately at each
iteration, as follows:
t ij =

x ij+1 − x ij
V

.

(4.12)

The fluid flow velocity field at each shear displacement step obtained by FEM simulation was
provided as input data, element-by-element, for particle tracking simulations. The residence
time in each element was calculated from the travel distance and its corresponding velocity.
The total particle travel time was calculated as the sum of the residence time of all the
elements passed through by each particle (Eq. (4.12)), as given by
m

t j = ∑ t ij ,

(4.13)

i =1

where tj is the travel time of particle j, t ij is the time of particle j in iteration i and m is the
number of iterations made by particle j.
For the particle injection at the inlet boundary, the number of particles injected at the elements
along the inlet boundary was proportional to the element’s flow rates, which were obtained by
using the hydraulic boundary conditions while solving the Reynolds equation. This means that
more particles were attracted to the elements of higher flow rates. The locations of particle
injection were arranged regularly at an interval of 1.0 mm along the inlet boundary, which
means that there are 100 injection points for the flow parallel with the shear direction, and
200 injection points initially for flow perpendicular to the shear direction and the number
decrease with shear displacements (182 injection points after 18 mm shear displacement),
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respectively. Figure 4.2 shows the calculation method for the number of particles that were
introduced at the inlet boundary for the particle transport in parallel with (x-direction) and
perpendicular (y-direction) to the shear direction. The effects of different particle injection
methods on the breakthrough curves and transport properties were discussed later in the
Chapter 6 and also extensively investigated and presented in Paper XI (Appendix E of this
thesis).
From the particle tracking simulations, travel time for each particle was obtained from Eq.
(4.13) and can be evaluated for breakthrough curves, represented as the percentages of the
particles collected at the outlet as functions of time. The Péclet number can be evaluated in
terms of the variance and the mean travel time using the following equation (Levenspiel,
1999):
2

⎛ t ⎞
Pe = 2⎜ ⎟ ,
⎝ σt ⎠

(4.14)

where σ t2 and t are the variance and mean travel time, respectively.
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Figure. 4.2. Calculation method for the number of particles that were introduced at the
inlet boundaries for the particle transport: a) parallel with and b) perpendicular to the
shear displacement. It should be noted that the number of injection points decreases during
shear for flow perpendicular to the shear direction. The SD in the right figure means shear
displacement, which changes from 1 to 18.
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4.2 Results
4.2.1 Numerical simulation of the laboratory shear-flow tests
The results of flow velocities are superimposed in Fig. 4.3, with arrows (the overall flow
direction is parallel with the shear direction). The color intensity of the background in the
flow areas indicates the magnitude of local transmissivities (see the legend in the figures). In
the figure, the white ‘islands’ indicate the contact areas. Figures 4.3a, c and d show the flow
velocity fields with transmissivity evolutions at different shear displacement of 1, 2, 5, 10 and
15 mm for different fracture specimens, J1, J2 and J3 under constant normal stress of 1 MPa
(J1-1, J2-1 and J3-1), respectively. These figures clearly show the influences of morphological
behaviors of fracture specimens on the development of aperture distributions and fluid flow
fields.
The surface of specimen J1 is smooth and flat. At a shear displacement of 1 mm, the contact
areas were widely and almost uniformly distributed over the whole fracture surface and
actually blocked the fluid flow totally without any continuous flow path (first figure of Fig.
4.3a). More continuous flow paths started to form at a shear displacement of 2 mm, and
continued to grow into main flow paths with continued decrease of contact areas and increase
of transmissivity, with increasing shear displacement (see the last four figures of Fig. 4.3a).
Two outlet spots on the outlet boundary of the sample at the upper right and lower right
corners of the sample can be observe. Similar phenomenon can be observed also for specimen
J3 (Fig. 4.3d) with widely distributed asperities and more complicated void space geometry,
which causes complex structure of transmissivity and flow velocity fields, with only one
outlet spot at the outlet boundary. In both cases, fluid flows bypassed the contact areas with
less resistance and main flow paths were limited only in a few high transmissivity areas (flow
channels). As a result, flow patterns (or stream lines) became very tortuous. This phenomenon
is well-known as ‘channelling effect’ (Tsang and Tsang, 1987).
Figure 4.3b shows the flow velocity fields with transmissivity evolutions at shear
displacements of 1, 2, 5, 10 and 15 mm for fracture specimen J1 under a constant normal
stress of 1.5 MPa, for the test case J1-2 (CNL, 1.5 MPa). Due to the much increased contact
areas and much reduced transmissivity, there was no fluid flow going through the fracture
specimen (contact areas blocking the fluid flow totally) up to shear displacement of 2 mm,
and significant flow paths can only be detected at a shear displacement of 5 mm, as shown in
Fig. 4.3a.
The flow pattern for specimen J2 is very different (Fig. 4.3c). The presence of a few large
main asperities at the upper right part of the sample dominated dilation behaviour and flow
field, causing totally different flow patterns for the right and left parts of the specimen J2.
Channeled flow was formed at the right part due to the presence of the main asperities but the
left part had almost uniform flow field without channels at all, due to the uniform increase of
aperture by shear dilation that occurred only on the slope surfaces of the main asperities, thus
produced a large void space in the left-hand side of the fracture sample after a shear
displacement of 1 mm. The flow field became less tortuous but more non-uniform compared
with specimens J1 and J3, with much mixed flow patterns which may cause difficulties for
establishing mathematical basis of homogenization for back calculating hydraulic
properties.The tortuous channel flow patterns obtained from the flow simulations with proper
consideration of contact areas caused by shear under normal stresses/stiffness are more
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Figure 4.3. Flow velocity fields for the fluid flow parallel with shear direction with
transmissivity evolutions at different shear displacement of 1, 2, 5 and 10 mm for fracture
sample, J1 under different constant normal stress, a) J1-1 (CNL, 1.0 MPa) and b) J1-2
(CNL, 1.5MPa). It should be noted that the white ‘islands’ in the fracture samples present
contact areas and the legend shows the orders of magnitude of the fracture transmissivity
(m2/sec).
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Figure 4.3 (continued). Flow velocity fields with transmissivity evolutions for the fluid flow
parallel with shear direction at different shear displacement of 1, 2, 5, 10 and 15 mm for
different fracture samples, J2 and J3 under constant normal stress of 1.0 MPa, c) J2-1 and
d) J3-1. It should be noted that the white ‘islands’ in the fracture samples present contact
areas and the legend shows the orders of magnitude of the fracture transmissivity (m2/sec).
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realistic compared with earlier results reported in literature, obtained from flow simulations in
which fracture samples have only a few very small contact areas, without normal stress or
with very small normal stresses (e.g. Yeo et al., 1998; Koyama et al., 2006; Matsuki et al.,
2006)
The flow rate at the outlet boundary (along x = 0) for all test cases with different normal
loading conditions were compared between laboratory tests and numerical simulations as
shown in Fig. 4.4 and Table 4.1. Note that the zero flow rate cannot be plotted in the figure
with log-scaling in the axes for flow rate. The hydraulic apertures of the fractures and their
evolutions during shear were back calculated using the cubic law and tabulated results were
also compared in Table 4.2. The general behaviors of the flow rate variation with shear
displacement under different normal stress/stiffness conditions were captured for all
specimens, with varying degrees of general agreements. The flow rate increases very sharply
during the early stage of shear (after a shear displacement of 1 mm or 2 mm) and continues to
increase but with a progressive reduction of gradient. A ‘sill’ may be approximated for
specimen J1 at about a shear displacement of 15 mm, but not for the other two specimens. The
general increase of flow rate is about 5-6 order of magnitude from the initial state before shear.
The non-stationary but smooth fracture specimen J2 has the highest maximum increase of
flow rate (higher than 10-4 m3/sec, in the order of magnitude), followed by the rough but
stationary specimen J3 (between 10-5-10-4 m3/sec, in the order of magnitude), and with lowest
flow rate increase by the smooth and flat specimen J1 (about 10-5 m3/sec, in the order of
magnitude), respectively. These general behaviors agree with the general understanding of the
flow behavior of rock fractures. The measured and simulated results agree well for specimen
J3, but less well for specimens J2 and J1. The most significant disagreement occurs at early
stages of shear, particularly at the start of shear. Please note that the numerical simulation was
not calibrated with test results but pure predictions with assumptions of zero apertures
(therefore zero flow rate) as the initial state for all cases.
For fracture specimens J1 and J2, the predicted flow rates and hydraulic aperture from
numerical simulations are underestimated for all normal loading cases (Fig. 4.4a, b and Table
4.1), but slightly overestimated for J3 (Fig. 4.4c and Table 4.1). Same trends also exist for
hydraulic apertures (Fig. 4.5 and Table 4.2). Compared with measured results, for fracture
specimens J1 and J2, the hydraulic apertures calculated from the flow rates obtained from
numerical simulation were always smaller than the ones measured from laboratory tests, but
higher in the case of J3. The relative deviations are much smaller for rougher fracture J3.
The deviations in flow rate and hydraulic aperture between the experimental results and
numerical predictions may be caused by mainly the following four reasons:
1) uneven dilation (tilting of the fracture sample) and/or local surface damage in the fracture
during coupled shear-flow tests, which were not considered in the numerical predictions;
2) relocation offsets by experimental difficulties to realize fully mated initial condition
(especially for fracture specimens of smoother surfaces) with very small fluid flow still
exists even after applying weak cyclic normal loading before the shear tests;
3) ignorance of mechanical deformation of asperities under normal loading in the numerical
predictions, which may be important for relatively soft materials of concrete replicas;
4) square elements with edge length of 1 mm for the smallest contact area may be too coarse
for specimens J1 and J2. As a result, too much fluid flow might be blocked by the contact
areas, especially at small shear displacement stages;
Among the four reasons mentioned above as possible sources of discrepancies in the results of
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predicting flow rates and hydraulic apertures, the ignorance of asperity deformation might be
the most significant, since generation of gorge materials was not significant as observed in
laboratory tests. The relocation error (offset) is of the secondary importance since it affects
mainly the general behaviors of simulation results in early stages of shear, before 2 mm of
shear displacement. The effects of relocation offset and tilting could be considered readily in
further model calibrations as long as the initial aperture and tilting direction and extent can be
quantified during testing, but the asperity deformation and damage cannot be properly
considered at present. As shown in Tables 4.1 and 4.2, the measured flow rate and hydraulic
apertures before shear for specimens J1 and J2 (for test cases J1-2, J1-3, J2-2 and J2-3) are
non-zero, indicating possible relocation caused non-zero initial flow rate and aperture values
before shear. If these non-zero values were taken as initial states instead of zero aperture
conditions, the agreements between the predicted and measured apertures and flow rates will
agree better. Such improvements, however, are numerical calibrations not predictions.

Table 4.1. Comparison of the flow rate at the outlet between laboratory experiments and
numerical simulation for different fracture samples, J1, J2 and J3. See Table 3.2 for different
normal loading conditions.
(unit: m3/sec)

Shear
disp. mm
0
1
2
3
5
7
10
15
18
Shear
disp. mm
0
1
2
3
5
7
10
15
18
Shear
disp. mm
0
1
2
3
5
7
10
15
18

J1-1 (CNL, 1.0 MPa)
Experiments
0
0
8.12950e-09
1.72772e-07
9.43940e-07
3.00427e-06
7.00030e-06
8.60757e-06
8.81021e-06

Simulation
0
3.31101e-09
5.85383e-08
4.73483e-07
9.47609e-07
1.66778e-06
1.74100e-06
1.14340e-06

J2-1 (CNL, 1.0 MPa)
Experiments
0
0
0
1.13165e-05
6.50348e-05
1.19088e-04
2.01899e-04
3.35687e-04
3.58716e-04

Simulation
5.60736e-10
3.14065e-07
2.06852e-06
1.63839e-05
3.07881e-05
6.89587e-05
1.36345e-04
1.90679e-04

J3-1 (CNL, 1.0 MPa)
Experiments
3.58724e-08
1.49147e-08
3.68031e-07
3.25112e-06
8.07910e-06
9.71590e-06
1.60356e-05
5.20220e-05
2.67115e-05

Simulation
6.81190e-09
1.10853e-07
1.32808e-06
1.39717e-05
2.45841e-05
3.78310e-05
7.39862e-05
1.02628e-04

J1-2 (CNL, 1.5 MPa)
Experiments
1.81527e-08
1.44462e-08
1.34094e-08
1.29522e-07
1.38844e-06
2.37139e-06
4.29543e-06
5.93071e-06
7.14229e-06

Simulation
0
0
2.02244e-10
8.84918e-08
1.37717e-07
4.73740e-07
4.65228e-07
3.09721e-07

J2-2 (CNL, 2.0 MPa)
Experiments
3.75120e-08
2.47719e-08
2.88645e-08
2.48801e-07
9.58067e-06
2.71505e-05
6.36110e-05
1.66669e-04
2.14310e-04

Simulation
0
5.91416e-10
2.35681e-07
3.41099e-06
9.33752e-06
1.91927e-05
4.97091e-05
7.51748e-05

J1-3 (CNS, 0.5 GPa/m)
Experiments
1.30549e-09
4.12363e-08
4.80882e-07
8.90127e-07
2.37156e-06
4.87957e-06
6.76332e-06
7.94210e-06
7.83149e-06

Simulation
4.66619e-11
2.96533e-08
1.59813e-07
7.93509e-07
1.10562e-06
1.68393e-06
1.62732e-06
9.64041e-07

J2-3 (CNS, 0.5 GPa/m)
Experiments
0
0
1.67959e-07
9.01623e-06
2.00361e-05
4.67508e-05
7.81407e-05
1.10198e-04
1.38249e-04

Simulation
9.46541e-09
4.40632e-07
1.85116e-06
6.13220e-06
1.09138e-05
1.85464e-05
3.35764e-05
5.22089e-05

J2-2 (CNS, 0.2 GPa/m)

J3-3 (CNS, 0.5 GPa/m)

Experiments
8.97865e-07
8.40683e-07
4.82259e-07
5.81058e-07
6.79677e-06
1.56840e-05
2.09378e-05
2.27004e-05
3.13601e-05

Experiments
0
0
5.39595e-09
1.11948e-06
5.41128e-06
1.25061e-05
1.77187e-05
2.64049e-05
3.40015e-05
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Simulation
2.33799e-08
1.20040e-06
6.33769e-06
1.31203e-05
1.48290e-05
1.78881e-05
3.56260e-05
5.02597e-05

Simulation
1.22573e-08
3.40911e-08
5.18847e-07
7.26221e-06
1.71328e-05
3.52597e-05
5.83768e-05
7.67927e-05
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Figure 4.4. Comparison of the flow rate at the outlet between laboratory experiment and
numerical simulation for different fracture samples, a) J1, b) J2 and c) J3 with different
normal loading conditions (see Table 3.2). It should be noted that zero flow rate value can
not be plotted in the log scale, which is observed at the initial shear stages.
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Table 4.2. Comparison of the back calculated hydraulic aperture using cubic law between
laboratory experiments and numerical simulation for different fracture samples, J1, J2 and J3.
See Table 3.2 for different normal loading conditions.
(unit: μm)
Shear
disp. mm
0
1
2
3
5
7
10
15
18
Shear
disp. mm
0
1
2
3
5
7
10
15
18
Shear
disp. mm
0
1
2
3
5
7
10
15
18

J1-1 (CNL, 1.0 MPa)
Experiments
0
0
63.6200
175.926
308.800
452.671
596.999
633.920
635.384

Simulation
0
47.1584
122.646
245.356
308.138
370.096
372.112
321.692

J2-1 (CNL, 1.0 MPa)
Experiments
0
0
0
709.158
1265.93
1543.45
1830.82
2149.74
2185.87

Simulation
26.1349
215.069
402.463
799.529
983.249
1279.77
1592.04
1770.69

J3-1 (CNL, 1.0 MPa)
Experiments
104.700
78.0141
226.743
467.933
631.659
669.418
786.980
1154.70
919.616

Simulation
60.0792
151.992
347.200
758.191
912.195
1047.65
1298.55
1440.33

J1-2 (CNL, 2.0 MPa)
Experiments
83.4335
77.1885
75.1696
159.816
351.186
418.347
507.307
559.899
592.452

Simulation
0
0
18.5409
140.280
162.006
243.285
239.679
208.144

J2-2 (CNL, 2.0 MPa)
Experiments
106.272
92.3891
97.0569
198.666
668.591
942.893
1245.79
1702.26
1841.01

Simulation
0
26.5585
195.110
473.866
660.612
835.565
1137.33
1298.37

J1-3 (CNS, 0.5 GPa/m)
Experiments
34.6965
109.495
247.886
303.848
419.798
532.104
590.185
617.143
610.927

Simulation
11.4101
97.9332
171.413
291.438
324.393
371.287
363.830
303.906

J2-3 (CNS, 0.5 GPa/m)
Experiments
0
0
174.572
657.427
855.000
1130.14
1334.22
1482.97
1590.72

Simulation
144.834
240.767
387.841
576.192
695.871
826.079
997.897
1149.80

J2-2 (CNS, 0.2 GPa/m)

J3-3 (CNS, 0.5 GPa/m)

Experiments
306.265
299.120
248.122
263.580
596.297
785.275
860.159
875.828
970.137

Experiments
0
0
55.4960
327.978
552.665
728.188
813.602
921.091
996.645
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Simulation
90.6252
336.264
584.542
742.466
770.738
816.187
1017.80
1135.31

Simulation
73.0745
102.593
253.816
609.609
808.746
1023.36
1199.93
1307.62

Hydraulic aperture, 10-6m
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Figure 4.5. Comparison of experimental and prediction results of hydraulic apertures of
samples, a) J1, b) J2 and c) J3 with different normal loading conditions (see Table 3.2).
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The local flow rates at inlet and outlet boundaries are plotted in Figure 4.6. Figure 4.6a, c and
d show the distributions of local flow rates at inlet and outlet boundaries and their evolutions
at different shear displacements of 1, 2, 5, 10 and 15 mm for different fracture specimens, J1,
J2 and J3 under constant normal stress of 1 MPa (J1-1, J2-1 and J3-1), respectively. These
figures clearly show the process of creating and growing flow channels during shear. For
fracture sample J1 (Fig. 4.6a), much fluid flow goes into the fracture around a spot at y = 0.03
m at inlet boundary in the early stage of the shearing process (at a shear displacement of 2
mm). The flow rates close to the upper edge (at around y = 0.09 m) start becoming larger after
a shear displacement of 3 mm and two major flow channels were created after a shear
displacement of 5 mm, and finally fluid inflow close to the upper edge became dominant after
18 mm of shear displacement. On the other hand, fluid flow comes out only close to both
upper and lower edges of the specimen J1 because of the contact areas were more oriented in
the y-direction (perpendicular to the shear direction) close to the outlet boundary. Figure 4.6b
shows distributions of local flow rates at inlet and outlet boundaries and their evolutions at
different shear displacements of 1, 2, 5, 10 and 15 mm for specimen J1 under constant normal
stress of 1.5 MPa, the test case J1-2. Due to the much increased contact areas and much
reduced transmissivity, there exists no fluid flow going through the fracture model (contact
areas blocking the fluid flow totally) up to shear displacement of 2 mm, and significant flow
paths (at around y=0.03 m for inflow and close to the upper edge for outflow) were generated
at shear displacement of 3 mm and continued to grow during shearing process, as shown in
Fig. 4.6a.
The distributions of local flow rates at inlet and outlet boundaries for specimen J2 are very
different (Fig. 4.6c). Fluid flow went into and came out at spots close to the middle height of
the specimen (at y = 0.05 m) and bottom edge (y = 0 m), respectively, at 1 mm shear
displacement. The flow rates around a spot at y = 0.04 m at the inlet boundary became more
dominant during whole shearing process. At a shear displacement of 2 mm, more flow
channels started to form. After a shear displacement of 10 mm, flow rate at the outlet
boundary became more evenly distributed. This was caused by the fact that channeled flow
was formed at the right part of the specimen due to presence of some larger asperities but the
left part of the specimen were much smooth without major asperities and the flow field was
almost uniform without channels at all.
A few dominant flow channels were created at a shear displacement of 1 mm at both inlet and
outlet boundaries of the fracture specimen J3 (Fig. 4.6d). Only two high flow rate spots were
observed along the inlet boundary, at around y = 0.07 m and close to the bottom edge of the
fracture specimen, during the whole shearing process. The fluid flow coming out at around y
= 0.07 m became dominant after 10 mm shear displacement.
For all cases, the distributions of high flow rate channels at inlet and outlet boundaries are
quite different, which means that void space structure inside the fractures is complex due to
the changes of contact areas during shear and, as a result, fluid flow inside the fractures is
tortuous. The calculated flow rates at inlet boundary are important to calculate the number of
particles introduced along the inlet boundaries for the particle transport simulation presented
later (see also the section 4.1.2).
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Figure 4.6. Flow rates at inlet and outlet boundaries for the fluid flow parallel with shear
direction, and their changes during shear for fracture sample, J1 under different constant
normal stress, a) J1-1 (CNL, 1.0 MPa) and b) J1-2 (CNL, 1.5MPa).
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Figure 4.6 (continued). Flow rates at inlet and outlet boundaries for the fluid flow parallel
with shear direction, and their changes during shear for different fracture samples, J2 and
J3 under constant normal stress of 1.0 MPa, c) J2-1 and d) J3-1.
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4.2.2 Simulation for shear-induced flow anisotropy
The simulated results of flow velocity fields with transmissivity evolutions when the overall
flow direction was perpendicular to the shear direction are shown in Fig. 4.7. Figure 4.7a, c
and d show the flow velocity fields with transmissivity evolutions at different shear
displacement of 1, 2, 5, 10 and 15 mm for fracture specimens J1, J2 and J3 under constant
normal stress of 1 MPa (J1-1, J2-1 and J3-1), respectively. These figures clearly show the
more significant channeling flows in the direction perpendicular to the shear direction.
For smooth and flat surface of specimen J1, at 1 mm of shear displacement, the contact areas
are widely and uniformly distributed over the whole fracture specimen and actually blocked
the fluid flow totally without any continuous flow path (first figure of Fig. 4.7a). The
continuous flow paths start to form at 2 mm of shear displacements, and continue to grow into
two main flow paths with increasing shear displacement (see the last four figures of Fig. 4.7a).
Figure 4.7b shows the flow velocity fields with transmissivity evolutions at different shear
displacement of 1, 2, 5, 10 and 15 mm for fracture specimen J1 under a constant normal stress
of 1.5 MPa, the test case J1-2 (CNL, 1.5 MPa). Due to the much increased contact areas and
much reduced transmissivity, more tortuous flow can be observed at the shear displacement of
2 mm, however, the same flow paths as shown in Fig. 4.7a can be observed, once significant
flow paths created at shear displacement of 5 mm.
The flow pattern for specimen J2 is very different (Fig. 4.7c). The presence of a few large
main asperities at the upper right part of the sample dominated dilation behavior and flow
field, causing totally different flow patterns for the right and left parts of the specimen J2.
Tortuous flow can be observed at the right part of the specimen due to presence of the main
asperities but the left part has almost uniform and straight flow field, due to the uniform
increase of aperture by shear dilation that occurred only on the slope surfaces of the main
asperities, thus produced a large void space in the left-hand side of the specimen after a shear
displacement of 2 mm.
Similar phenomenon can be observed also for specimen J3 (Fig. 4.7d) but flow patterns are
more complicated with several tortuous flow channels due to the complex structure of
transmissivity and flow velocity fields.
The two sets of simulation results for flow parallel with and perpendicular to the shear
direction, as shown in Figs. 4.3 and 4.7, indicate completely different flow patterns. When the
general flow direction is parallel to the shear direction (Fig. 4.3), the flow is more tortuous.
When the general flow direction is perpendicular to the shear direction (Fig. 4.7), the flow
field becomes more regular through connected higher transmissivity channels oriented in the
perpendicular to the shear direction.
Figures 4.8a, c and d show the distributions of local flow rates at inlet (y = 0) and outlet (y =
0.1 m) boundaries and their evolutions at different shear displacement of 1, 2, 5, 10 and 15
mm for different fracture specimens, J1, J2 and J3 under constant normal stress of 1.0 MPa
(J1-1, J2-1 and J3-1), respectively, when flow is perpendicular to the shear direction.
For specimen J1 (Fig. 4.8a), there are several high flow rate areas along the inlet and outlet
boundaries at early stages of the shearing process but the high flow rate area starts being
localized at the shear displacement of 10 mm, and there are only two main flow channels
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Figure 4.7. Flow velocity fields for the fluid flow perpendicular to the shear direction with
transmissivity evolutions at different shear displacement of 1, 2, 5, 10 and 15 mm for
fracture sample, J1 under different constant normal stress, a) J1-1 (CNL, 1.0 MPa) and b)
J1-2 (CNL, 1.5MPa). It should be noted that the white ‘islands’ in the fracture samples
present contact areas and the legend shows the order of fracture transmissivity (m2/sec).
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Figure 4.7 (continued). Flow velocity fields for the fluid flow perpendicular to the shear
direction with transmissivity evolutions at different shear displacement of 1, 2, 5, 10 and 15
mm for different fracture samples, J2 and J3 under constant normal stress of 1.0 MPa, c)
J2-1 and d) J3-1. It should be noted that the white ‘islands’ in the fracture samples present
contact areas and the legend shows the order of fracture transmissivity (m2/sec).
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Figure 4.8. Flow rates at inlet and outlet boundaries for the fluid flow perpendicular to the
shear direction, and their changes during shear for fracture sample, J1 under different
constant normal stress, a) J1-1 (CNL, 1.0 MPa) and b) J1-2 (CNL, 1.5MPa).
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Figure 4.8 (continued). Flow rates at inlet and outlet boundaries for the fluid flow
perpendicular to the shear direction, and their changes during shear for different fracture
samples, J2 and J3 under constant normal stress of 1.0 MPa, c) J2-1 and d) J3-1.
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formed finally. Figure 4.8b shows distributions of local flow rates at inlet and outlet
boundaries and their evolutions at different shear displacement of 1, 2, 5, 10 and 15 mm for
specimen J1 under a constant normal stress of 1.5 MPa, the test case J1-2. The increased
contact areas and reduced transmissivity caused only one inflow spot and one outflow spot
along the inlet and outlet boundaries (x = 0.05 and 0.02 m), respectively, at the shear
displacement of 2 mm. A few significant inflow and out flow spots were generated at shear
displacement of 3 mm and continued to grow during shear, forming finally the same main
flow path as shown in Fig. 4.8a.
The distributions of local flow rates at inlet and outlet boundaries for specimen J2 are very
different (Fig. 4.8c). Initially, at the shear displacement of 1 mm, there are two main inflow
spots, one close to the left edge (x = 0) and the other around x = 0.08 m along the length of the
specimen. However the inflow at the spot of x = 0.08 m becomes more dominant after the
shear displacement of 2 mm.
For specimen J3, a few dominant flow channels were created at 1 mm shear displacement at
both inlet and outlet boundaries (Fig. 4.8d). Two high flow rate spots are located along the
inlet boundary, around x = 0.02 m and x = 0.07 m, respectively, during whole shearing process,
but the fluid flow coming out at around x = 0.02 m remains to be the most dominant.
Interestingly, for the specimen J3, the distributions of local flow rates at inlet and outlet
boundaries are very similar. This means that fluid flow through the fracture is not tortuous but
straight.
Two sets of the normalized flow rates calculated at two outlet cross sections, with different
flow directions with respect to the shear direction, are compared for specimens, J1, J2 and J3
with different normal loading conditions as shown in Fig. 4.9, as a function of shear
displacement. One set is the flow rate at position of x = 0 for the fluid flow parallel with the
shear direction (in the x-direction) and the other set is the flow rate at position y = 0.1 m for
the fluid flow perpendicular to the shear direction (in the y-direction). It should be noted that
the flow rates are normalized by dividing hydraulic gradient and edge length of the specimens
to compare directly, since the fracture samples are not square (the edge length is different) and
therefore hydraulic gradient are different. For all specimens and shear displacements, the
normalized flow rates perpendicular to the shear direction are larger than those parallel with
the shear direction. The difference is from a factor of 5 to nearly 2-3 orders of magnitude. The
larger difference can be observed for flatter surface and smaller shear displacements,
specimen J1, due to the formation of more clustered connected flow channels in the direction
perpendicular to the shear direction.
The above results clearly illustrate the limitations of the traditional shear-flow tests using the
boundary condition as shown in Fig. 4.1a, with fluid flow parallel with the shear direction.
While such tests can capture the flow behavior in the shear direction, it can only be used to
estimate the transmissivity of the fracture in that direction. The significant effects of shear
dilation on flow in the direction perpendicular to shear direction cannot be captured and
therefore are often neglected. This shortcoming may lead to significant underestimation of the
fluid transmissivity of the rock fractures during shearing processes.
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Figure 4.9. Comparison of the normalized flow rates at the outlet for different fracture
samples, a) J1, b) J2 and c) J3 with different normal loading conditions (see Table 3.2)
between the flows in the direction parallel with (x-direction) and perpendicular to
(y-direction) the shear direction. It should be noted that zero flow rate value can not be
plotted in the log scale, which is observed at the initial shear stages.
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4.2.3 Numerical simulation of the laboratory shear-flow-tracer tests
Figure 4.10 shows the comparison of the flow fields between experiments (Fig. 4.10a) and
two numerical predictions (Figs. 4.10b and c) at different shear displacement of 1, 5, 10 and
15 mm, respectively. For the simulation results, the white ‘islands’ indicate the contact areas
and the intensity of the background color in the flow areas indicates the magnitude of local
transmissivities in Figs. 4.10b and c (see the legend in the figure). For the measured values of
flow velocity from the experiment (Fig. 4.10a), the red color becomes darker at shear
displacement of 5 mm. This means that dye thickness becomes thicker with increasing
fracture opening (dilation) during the shear and fracture becomes more permeable. These
figures also show the contact area distribution and its change during the shear. The contact
areas were localized with decreasing its ratio over the whole sample area during shear and the
dye flows bypass the contact areas. The simulated results of flow velocities (as arrows) are
superimposed in Fig. 4.10b and c.
The two numerical simulations were performed with two initial conditions of aperture
distribution: 1) initial mechanical aperture, b0 (Fig. 4.10b) calculated from fitted normal stress
and displacement relation (explained in the section 3.5) was used as the initial aperture,
therefore the simulation serves as a pure predictive simulation; and 2) initial hydraulic
aperture back calculated from the measured flow rate (Fig. 4.10c), which was assumed to be
equal to the initial mechanical aperture at zero shear displacement. The simulation is then
calibrated. This calibration is needed since it was found during test that the initial aperture
was much larger than predicted from the normal stress-closure curve due to unforeseen
changes in fluid flow during test. About this point, more explanation and further discussion
are given later in this section and also in the discussion (Chapter 6).
Comparing the images in Fig. 4.10 obtained from the experimental measurements and
numerical predictions, the fracture aperture and contact distributions are quite different at the
initial stage at 1 mm shear displacement (the top figures in Fig. 4.10). This is caused by
mainly initial relocation offsets and tilting of the fracture specimen at the start of the shear.
The disagreement is much reduced at 5 mm shear and agree well with continuous shear, as
shown in the 2nd, 3rd and 4th row of the figures in Fig. 4.10. The results show that at larger
shear displacements, of 10 mm and 15 mm, the effects of initial relocation and tilting of the
specimen was largely overcome by the shear dilation. As a result, the fracture aperture and
contact distributions as well as flow paths predicted by numerical simulation agree well with
the CCD camera pictures obtained from the experiments.
It is important to note that the dilation curve obtained from the experiments (shown in Fig.
3.15 in the previous chapter) is the averaged behavior of the specimen from several LVDT
measurements. Therefore it reflects the overall behavior of shear dilation, but may not agree
with the actual dilation value everywhere locally. This is the important reason for the
disagreement at smaller shear displacement stages as shown in Fig. 4.10 (the first two rows)
that the prediction of the contact areas in the sample during shear was based on the overall
shear dilation curve for an averaged increase of the upper block over the lower block, so that
local disagreement is not avoidable. This effect becomes smaller with continued increase of
the dilation so that predictions at later stages of shear become much improved. Exact
prediction with full agreement between predictions and measured surface behavior is
impossible.
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Figure 4.10. Comparison of the flow velocity fields between experiments and numerical
predictions at shear displacements of 1, 5, 10 and 15 mm, a) the images of the fluid flow
captured by a CCD camera, and predicted flow velocity fields with transmissivity
evolutions using b) initial mechanical aperture and c) initial hydraulic aperture back
calculated from measured flow rate for initial condition (at zero shear displacement). The
white ‘islands’ in the fracture specimens present contact areas and the legend shows the
order of magnitude of the fracture transmissivity (m2/sec).
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The measured and simulated flow rates at the outlet boundary (along x=0 at the left hand side
of the sample) were compared in Fig. 4.11. Two simulations were performed using two
different initial aperture conditions: 1) using the measured mechanical aperture b0 and 2)
using the back-calculated initial hydraulic aperture from the measured flow rate results
without shear, as aforementioned. The two sets of results are presented in Fig. 4.11 with
legend ‘simulation 1’ and ‘simulation 2’, respectively. Note that the zero flow rates at the 3
mm shear displacement as measured during shear test cannot be plotted in the figure with
log-scaling in the vertical axis for flow and no flow measurement was made at 4 mm shear
displacement during the experiment. The general behavior of the simulated flow rate
variations with shear displacements, under constant normal stress condition, was captured and
agrees well with measured results when the back-calculated initial hydraulic aperture was
used (Simulation 2), but large difference can be observed for the early stage of shear up to 5
mm of shear, when the measured mechanical aperture b0 was used (Simulation 1), due to the
fact that the numerical prediction cannot consider the relocation offset and possible tilting of
the upper block at the start of shear, asperity damages at the contact areas, and possible
underestimation of the mechanical aperture at the start of shear.
Among above reasons as possible sources of discrepancies in the results of flow rates (Fig.
4.11) and flow fields (Fig. 4.10), the ignorance of asperity deformation (especially transparent
upper part made of softer materials) may be the most significant, since the acrylic upper block
of the sample is relatively weaker compared with the lower plaster block, and the generation
of gorge materials by damage is not significant as observed in tests. The relocation error
(offset) is of the secondary importance since it affects mainly the general behaviors of
simulation results in early stage of shear, before 3 mm of shear displacement. The initial
relocation offsets and/or tilting of fracture sample caused relatively large open space in the
upper part of the fracture and as a result, flow rate becomes higher. The effects of relocation
offset and tilting could be considered using back-calculated initial flow rate in further model
calibrations as long as the initial aperture and tilting direction and extent can be quantified
during testing, but the asperity deformation and damage cannot be properly considered at
present. The deformation for the acrylic upper part may be larger than currently estimated and
dominant in the cyclic normal loading test results.
The calibrated simulation results (‘Simulation 2’ in Fig. 4.11) have better agreement with the
flow rates measured in the experiment initially and at smaller shear displacement but slightly
overestimate flow rates after large shear displacement due to the effect of the larger initial
aperture.
Both simulated and measured flow rates show the slight decease up to 2 or 3 mm shear
displacements (because of aperture closure until 3 mm, see dilation curve shown in Fig. 3.15
in the previous chapter) and sharp increase about at 5 mm shear displacement but with a
progressive reduction of gradient, and more stabilized flow rate after the 7 mm of the shear
displacement. The general increase of flow rate is about 3 orders of magnitude from the initial
state before shear. These general behaviors agree with the general understanding of the flow
behavior of rock fractures.
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Figure 4.11. Comparison of the flow rates at the outlet between laboratory experiments and
numerical predictions for the fracture specimen under normal loading of 1.0 MPa. It
should be noted that zero flow rate values cannot be plotted in the log scale of the flow rate
axis (for the flow rates at 3 mm shear displacement in the experiment). It also should be
noted that the flow rates were predicted by numerical simulations at 0, 1, 2, 3, 5, 7, 10 and
15 mm shear displacement and flow measurement was not made at the shear displacement
of 4 mm in the experiments.

4.2.4 Particle transport simulation
Particle transport simulations were performed for specimens J1, J2 and J3 under the constant
normal loading of 1.0 MPa, J1-1, J2-1 and J3-1 as well as fracture sample J1 under the
constant normal loading of 1.5 MPa, J1-2. As mentioned in section 4.1.2, the streamline
particle tracking method was used to predict the particle movements for fluid flow both
parallel with and perpendicular to the shear directions through the specimens at each shearing
stage, with the fluid flow governed by the Reynolds equation.
Figures 4.12 and 4.13 show the number of the particles that were introduced along the inlet
boundary and its change during shearing process (for the calculation method, see Fig. 4.2).
Figures 4.12a, c and d shows the number of the introduced particles at the inlet for flow
parallel with the shear direction for specimens, J1, J2 and J3 under constant normal stress of
1.0 MPa (J1-1, J2-1 and J3-1). It should be noted that the location of the particle injection
points were evenly distributed with 1.0 mm interval along the inlet boundary. The number of
the particles is related to the local flow rates at the inlet boundary as shown in Figs. 4.6 and
4.8 for the fluid flow parallel with and perpendicular to the shear direction, respectively.
Figure 4.14 and 4.15 show the particle travel paths and their change during shear. Figures
4.14 a, c and d show the evolution of particle travel paths for specimens, J1, J2 and J3 under
the constant normal stress of 1.0 MPa.
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Figure 4.12. The number of particles at inlet boundary for particle transport in the
x-direction (parallel with the shear direction) at shear displacements of 2, 3, 5, 10 and 15
mm for fracture specimen, J1 under different constant normal stress, a) J1-1 (CNL, 1.0
MPa) and b) J1-2 (CNL, 1.5MPa).
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Figure 4.12 (continued). The number of particles at inlet boundary for the particle
transport in the x-direction (parallel with the shear direction) at shear displacements of 1,
2, 5, 10 and 15 mm for fracture specimens, J2 and J3 under constant normal stress of 1.0
MPa, c) J2-1 and d) J3-1.
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Figure 4.13. The number of particles at inlet boundary for the particle transport in the
y-direction (perpendicular to the shear direction) at shear displacements of 2, 3, 5, 10
and 15 mm for fracture specimen, J1 under different normal stress, a) J1-1 (CNL, 1.0 MPa)
and b) J1-2 (CNL, 1.5MPa).
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Figure 4.13. (continued). The number of particles at inlet boundary for the particle
transport in the y-direction (perpendicular to the shear direction) at shear displacements of
1, 2, 5, 10 and 15 mm for fracture specimens, J2 and J3 under a constant normal stress of
1.0 MPa, a) J2-1)and b) J3-1.
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Figure 4.14. The change of particle paths with transmissivity evolutions for overall flow
parallel with the shear direction at different shear displacement of 2, 3, 5, 10 and 15 mm
for fracture sample, J1 under different constant normal stress, a) J1-1 (CNL, 1.0 MPa) and
b) J1-2 (CNL, 1.5MPa). The legend shows the order of magnitude of the fracture
transmissivity (m2/sec).
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Figure 4.14 (continued). The change of particle paths with transmissivity evolutions for
overall flow parallel with the shear direction at shear displacements of 1 (J1), 2, 3 (J3), 5,
10 and 15 mm for fracture specimens, J2 and J3 under a constant normal stress of 1.0
MPa, c) J2-1 and d) J3-2. The legend shows the order of magnitude of the fracture
transmissivity (m2/sec).
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Figure 4.15. The change of particle paths with transmissivity evolutions overall flow
perpendicular to the shear direction at shear displacements of 2, 3, 5, 10 and 15 mm for
fracture specimen, J1 under different constant normal stress, a) J1-1 (CNL, 1.0 MPa) and
b) J1-2 (CNL, 1.5MPa). The legend shows the order of magnitude of the fracture
transmissivity (m2/sec).
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Figure 4.15 (continued). The change of particle paths with transmissivity evolutions for
overall flow perpendicular to the shear direction at shear displacements of 1, 2, 5, 10 and
15 mm for fracture specimens, J2 and J3 under constant normal stress of 1.0 MPa, c) J2-1
and d) J3-2. The legend shows the order of magnitude of the fracture transmissivity
(m2/sec).
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For the fracture sample J1, particles start reaching the outlet boundary after a shear
displacement of 2 mm and more continuous particle travel paths appear after a shear
displacement of 3 mm. The particle paths with flow direction parallel with the shear direction
are very tortuous, but much less tortuous when the flow direction is perpendicular to the shear
direction. Interestingly, at the shear displacement of 15 mm, particle paths change more
uniform and homogeneous (less localized) in the middle of the fracture sample (the bottom
figure in Figs. 4.14a and b). This is caused by the facture closure at the shear displacement of
15 mm and contact area becomes larger and/or the distribution of contact areas changes, as a
result, particles have to change the paths to bypass contact areas. This will affect the particle
transport properties, which will be discussed later.
The effects of normal loading on the particle travel paths are clearly shown by comparing Figs.
4.14a and 4.14b, especially at the early stages of shear (less than 3 mm of shear displacement).
Because of the higher normal load, the fracture aperture becomes smaller and the contact area
becomes larger. Therefore, void space of the fracture becomes more complex and particle
paths become more tortuous and varied. The similar tortuous particle travel paths can be
observed in the specimen J3 (Fig. 4.14d). In the rough specimen J3, particles cannot reach the
outlet boundary with shear displacement less than 3 mm, despite the opening of the fracture
due to shear dilation. This is caused by evenly and widely distributed contact areas with few
continuous clustered flow channels at very early stage of shearing process.
Particles start reaching to the outlet boundary after the shear displacement of 1 mm and main
particle travel paths formed at the shear displacement of 2 mm and grow during further shear
displacement for specimen J2. However, the patterns of the particle paths are very tortuous in
the right-hand side and less tortuous in the left-hand side of the specimen. The dominant
reason for such behavior is the major asperities located near the upper-right part of the
specimen.
Figures 4.15a, c and d show the particle travel paths and their changes during shear for the
particle transport perpendicular to the shear direction for specimens, J1, J2 and J3 under the
constant normal stress of 1.0 MPa. Figures 4.15b shows the same kind of figure for specimen
J1 with normal stress of 1.5 MPa. Most particles travel through a few connected high
transmissivity channels oriented almost perpendicular to the shear direction and reach to the
outlet boundaries quickly, even in the early stage of the shearing process at shear
displacements of 1 or 2 mm. This is due to the fact that high transmissivity areas connected
more rapidly when flow direction is perpendicular to the shear direction. The dominance of
the contact areas to the formation and pattern of the flow paths, especially specimen J2, are
clearly illustrated..
Comparing Figs 4.14 and 4.15, the channel effect are more significant with flow
perpendicular to the shear direction than that with flow parallel with the shear direction.
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The transmissivity field determines the velocity field, and the latter determines the travel time
of the particles. The higher the transmissivity, the higher the flow velocity, and the less time it
takes for the particles to travel through the fracture. This effect can be studied with the aid of
breakthrough curves. According to Bear (1988), a breakthrough curve shows the relation
between the relative tracer concentration and time, and allows one to evaluate the dispersion
phenomena of a tracer. In this study, the breakthrough curves show the relation between the
percentage of particles that reach the prescribed outflow boundaries and time.

Particles, %

The breakthrough curves for the particle transport parallel with (in the x-direction) and
perpendicular to (in the y-direction) the shear direction for specimens J1, J2 and J3 were
calculated and plotted in Figs. 4.16 and 4.17, respectively. Usually, there are some particles
that travel faster than the bulk of particles, and a few ones that take more time to pass through
the fracture. For the fast traveling particles, this happens because some particles find fast
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Figure 4.16. Breakthrough curves for particle transport with overall flow parallel with the
shear direction, at different shear displacements for fracture specimen, J1 under different
constant normal stresses, a) J1-1 (CNL, 1.0 MPa) and b) J1-2 (CNL, 1.5MPa).
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Figure 4.16 (continued). Breakthrough curves for particle transport with overall flow
parallel with the shear direction at different shear displacements for fracture specimens, J2
and J3 under a constant normal stress of 1.0 MPa, c) J2-1 and d) J3-1.

paths without passing through any contact area or through areas with low permeability. For
slow traveling particles, the delay is due to the fact that they have to pass through some areas
with low transmissivity or bypass more contact areas than other particles, thus need more time
to reach the outlet boundary. Therefore the shape of breakthrough curves becomes the shapes
as shown in Figs. 4.16 and 4.17. It should be noted that breakthrough curves usually do not
reach 100 % for all cases. This means that not all particles injected at the inlet boundary can
be collected at the outlet boundary and some particles are captured in areas of very slow flow
velocities around contact areas.
No particles can reach the outlet boundary at the shear displacement of 1 mm except fracture
sample J2 (for flow both parallel with and perpendicular to the shear direction, see Figs. 4.16c
and 4.17c) and J3 (for flow perpendicular to the shear direction, see Fig. 4.17d), as indicated
by corresponding cases with no connect flow paths at such early shear stages in Fig. 4.14 and
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Figure 4.17. Breakthrough curves for particle transport with overall flow perpendicular to
the shear direction at different shear displacements for fracture specimen, J1 under
different constant normal stress, a) J1-1 (CNL, 1.0 MPa) and b) J1-2 (CNL, 1.5MPa).

Fig. 4.15. Particles start reaching the outlet boundaries after a shear displacement of 3 mm for
the rough specimen J3 (for flow parallel with the shear direction, see Fig. 4.16d) and 5 mm
for flatter specimen J1 with higher normal stress of 1.5 MPa (for flow parallel with the shear
direction, Fig. 4.16b). In general, it can be observed that the greater the shear displacement is,
the less time it takes for the particles to travel through the fracture specimens. This means that
shearing makes the fracture more hydraulically conductive. The greater decrease of travel
time of the particles with shear occurs generally during the early stage of shearing process
with smaller shear displacements. The only exception is the flatter fracture J1 with major
decrease of travel time occurring at shear displacements of 15 and 18 mm (see Figs. 4.16a, b
and 4.17a, b). This is due to the fact that the specimen’s shear dilation decreases slightly (see
Fig. 3.6) due to its relative smoothness and fracture aperture becomes smaller with closure at
early shear stages (see Fig. 3.11). As a result, fracture becomes less conductive and flow
velocity becomes smaller.
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Figure 4.17 (continued). Breakthrough curves for particle transport with overall flow
perpendicular to the shear direction at different shear displacements for fracture
specimens, J2 and J3 under a constant normal stress of 1.0 MPa, c) J2-1 and d) J3-1.

Generally, the slope of the breakthrough curves flattens with increasing shear displacement
for both flow parallel with and perpendicular to the shear direction. This means that
dispersivity in the fractures becomes larger and dispersive transport becomes more dominant
during the shearing process, since the breakthrough curves flattened when increasing
dispersivity. This can be explained by the formation of new contact areas and/or localization
of contact areas. More discussion will be made for this issue later after evaluating the
transport properties such as Péclet number.
The effects of normal stress on the particle transport can be observed clearly by comparing
Figs. 4.16a and b, and Figs. 4.17a and b for the particle transport parallel with and
perpendicular to the shear direction, respectively. Increasing the normal stress from 1.0 MPa
to 1.5 MPa, particle travel time increases. As a result, the breakthrough curves shift rightward.
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The shape of breakthrough curves also becomes flatter with increasing normal stress, which
means that fracture dispersivity becomes larger under higher normal stress. This is due to the
fact that fracture aperture becomes smaller and more contact areas formed inside the fracture
under higher normal stress, in addition to the fact that the geometry of void space and
transmissivity field becomes more complex. As a result, particle paths and travel time are
more tortuous (see comparison figures, Figs. 4.14a, b, and Figs. 4.15a, b).
The mean and standard deviation of particle travel time as well as calculated Péclet numbers
from Eq. (4.14) for the particle transport parallel with and perpendicular to the shear direction
were listed in Table 4.3 and 4.4 and plotted from Fig. 4.18 to Fig. 4.22, respectively. From
Tables 4.3 and 4.4, and Figures 4.18a, 4.19a, 4.20a and 4.21a, the mean and standard
deviation of particle travel time decrease with increasing shear displacement generally and the
significant decreases can be observed at smaller shear displacement for all cases. The only
exception can be observed for mean and standard deviation of particle travel time at the large
shear displacement (15 and 18 mm) for specimen J1, where particle mean travel time
increases. This is caused by the fracture closure during shear mentioned above. The standard
deviation of the particle travel time for the particle transport parallel with the shear direction
for specimen J1 drops largely at the shear displacement of 15 mm (Fig. 4.18a). This is caused
by the change of particle paths (see Fig. 4.14a) at this shear displacement, new channels
appear in the middle of the specimen and particle paths become less localized. This affects the
calculated Péclet numbers at the shear displacement of 15 mm as shown in Fig. 4.18b. The
mean and standard deviation of particle travel time are smaller when a fracture surface
becomes rougher. This is due to the fact that rougher surface has larger shear dilation and
larger aperture of the fracture, as a result, flow becomes faster and particle travel time
becomes shorter. Generally calculated Péclet numbers decreases with increasing shear
displacement, even though some exceptions were observed, e.g. specimen J1 (Fig. 4.18a and
Fig. 4.19b) as mentioned above, and at the early shearing stage (up to 5 mm) for specimen J2
(Fig. 4.20b and 4.21b). To calculate Péclet numbers using Eq. (4.14), the standard deviation of
the particle travel time plays a significant role and this is affected by the variation of the
particle paths, which depends on the contact area distributions and their variation during
shear.
The effects of the normal stress on the mean and standard deviation of particle travel time can
be seen in Fig. 4.18a (for flow parallel with the shear direction) and Fig. 4.19a, (for flow
perpendicular to the shear direction), respectively. From these figures, both mean and standard
deviation of particle travel time increase with increasing normal stress. The calculated Péclet
numbers, Pe were compared between the two cases of flow parallel with and perpendicular to
the shear direction, in terms of normal stress effects on the Péclet number values as shown in
Figs. 4.18b and 4.19b, respectively. The calculated Péclet numbers are generally smaller when
a higher normal stress was applied. This is due to the fact that fracture will close and more
contact area will form under higher normal stresses, leading to more complex void space
structures and more tortuous travel paths. Therefore, the standard deviation becomes larger in
the Eq. (4.14) and Péclet numbers becomes smaller. Similar results were reported by
Thompson (1991) and Jeong and Song (2005). Their result shows that the Péclet number
increases (accompanying with the decrease of dispersivity) with a decrease of the normal
stress and an increase of surface separation. In their works, the effect of shear displacement on
the particle transport was not considered.
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Table 4.3. Mean and standard deviation of particle travel time and calculated Péclet numbers
from Eq. (4.14) for fracture samples J1, J2 and J3 under constant normal loading of 1.0 MPa,
test case J1-1, J2-1 and J3-1, and 1.5 MPa, test case J1-2 at different shear displacements for
the particle movement with overall flow parallel with the shear direction.
(unit: sec)
1 mm
2 mm
3 mm
5 mm
7 mm
10 mm
15 mm
18 mm
Mean_J1-1
772.149
66.978
12.870
7.428
4.727
5.291
7.796
Mean_J1-2
56.906
36.636
15.717
16.197
25.872
17.964
4.551
1.059
0.587
0.376
0.233
0.194
Mean_J2-1
966.398*
Mean_J3-1
6.985
2.165
0.929
0.808
0.457
0.301
Std.dev_J1-1
181.043
31.695
3.851
3.025
2.743
1.528
3.078
Std.dev_J1-2
20.120
12.675
11.150
5.479
20.278
9.853
1.858
0.377
0.209
0.220
0.112
0.082
Std.dev_J2-1
26.559*
Std.dev_J3-1
1.394
0.923
0.394
0.471
0.365
0.141
Pe_J1-1
36.380
8.932
22.336
12.059
5.940
23.984
12.831
Pe_J1-2
15.999
16.710
3.974
17.474
3.256
6.648
11.994
15.774
15.803
5.839
8.675
11.192
Pe_J2-1
2647.925*
Pe_J3-1
50.174
10.996
11.093
5.903
3.140
9.078
*
very high Pe caused by the calculation from mean and standard deviation of particle travel time using too
small number of particles collected at outlet and will not be plotted in Fig.4.20b.

Table 4.4. Mean and standard deviation of particle travel time and calculated Péclet numbers
from Eq. (4.14) for fracture specimens J1, J2 and J3 under constant normal loading of 1.0
MPa, test case J1-1, J2-1 and J3-1, and 1.5 MPa, test case J1-2 at different shear
displacements for the particle movement with overall flow perpendicular to the shear
direction.
(unit: sec)
1 mm
2 mm
3 mm
5 mm
7 mm
10 mm
15 mm
18 mm
Mean_J1-1
12.902
4.254
1.138
0.723
0.462
0.426
0.541
Mean_J1-2
124.418*
17.111
2.251
1.507
0.842
0.704
0.667
Mean_J2-1
31.151
1.330
0.470
0.124
0.075
0.046
0.027
0.022
Mean_J3-1
9.717
1.622
0.600
0.200
0.097
0.073
0.053
0.040
Std.dev_J1-1
9.160
2.786
0.695
0.519
0.330
0.366
0.859
9.299
1.947
1.684
0.949
0.909
1.125
Std.dev_J1-2
0*
Std.dev_J2-1
96.462
1.167
0.458
0.073
0.048
0.033
0.026
0.020
Std.dev_J3-1
5.782
1.353
0.510
0.158
0.084
0.078
0.060
0.048
Pe_J1-1
3.967
4.665
5.363
3.877
3.938
2.710
0.792
6.772
2.673
1.601
1.576
1.199
0.702
Pe_J1-2
-*
Pe_J2-1
0.209
2.601
2.100
5.692
4.855
3.749
2.291
2.498
Pe_J3-1
5.648
2.875
2.764
3.224
2.678
1.752
1.586
1.405
*
very high Pe caused by the calculation from mean and standard deviation of particle travel time using too
small number of particles collected at outlet and will not be plotted in Fig. 4.19a and b.

134

Stress, Flow and Particle Transport in Rock Fractures

Travel time, sec

1.0E+03
mean_J1-1
mean_J1-2
Sdv._J1-1
Sdv._J1-2

1.0E+02

1.0E+01

1.0E+00
0

5

10

15

20

Shear displacement, mm

a)
40
Pe_J1-1
Pe_J1-2

35
30
Pe

25
20
15
10
5
0
0

b)

5

10

15

20

Shear displacement, mm

Figure 4.18. a) Mean and standard deviation of particle travel time and b) calculated
Péclet numbers for particle transport, with overall flow parallel with the shear direction, as
a function of shear displacement for fracture specimen, J1 under different constant normal
stresses, J1-1 (CNL, 1.0 MPa) and J1-2 (CNL, 1.5MPa).
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Figure 4.19. a) Mean and standard deviation of particle travel time and b) calculated
Péclet numbers for particle transport, with overall flow perpendicular to the shear
direction, as a function of shear displacement for fracture specimen, J1 under different
constant normal stresses, J1-1 (CNL, 1.0 MPa) and J1-2 (CNL, 1.5MPa).
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Figure 4.20. a) Mean and standard deviation of particle travel time and b) calculated
Péclet numbers for particle transport, with overall flow parallel with the shear direction, as
a function of shear displacement for fracture specimens, J1, J2 and J3 under a constant
normal stress of 1.0 MPa, J1-1, J2-1 and J3-1.
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Figure 4.21. a) Mean and standard deviation of particle travel time and b) calculated
Péclet numbers for particle transport, with overall flow perpendicular to the shear
direction, as a function of shear displacement for fracture specimens, J1, J2 and J3 under a
constant normal stress of 1.0 MPa, J1-1, J2-1 and J3-1.
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The calculated Péclet numbers, Pe, were compared for the flow in two different directions, i.e.,
parallel with and perpendicular to the shear direction, in Fig. 4.22. From this figure, Péclet
numbers are always smaller for flow perpendicular to the shear direction than those for the
parallel with shear direction. The Péclet numbers for flow parallel with the shear direction
changes more drastically from 50 to 3 during shear. On the other hand, the Péclet numbers for
flow perpendicular to the shear direct are almost constant around 2. The larger Péclet number
with flow parallel with the shear direction means that advective transport is more dominant in
this direction
Figure 4.23 show the interpretation of the channeling effect on the breakthrough curves for
particle transport in both parallel with and perpendicular to the shear directions, respectively,
with simplified flow channel geometry. Since two main flow channels, one located close to
the x = 0 boundary and the other around x = 0.15 m of the fracture sample, are oriented in the
y-direction, i.e., perpendicular to the shear (see Fig. 4.7a, b), the geometry of the flow channel
for fracture sample J1 can be simplified as in the top left figure in Fig. 4.23. When the particle
transport is in the x-direction, all particles reach to the outlet boundary at the same time, and
so the breakthrough curve has only one stepwise change in the particle concentration (see
right top figure in Fig. 4.23). On the other hand, when the particle transport in the y-direction
is considered, there are four different transmissivity zones and two of them have higher
conductivity in this case. Some particles reach to the outlet boundary faster if they move in
higher transmissivity zone and other particles (as introduced in the lower transmissivity zone)
have to find the higher transmissivity channels by bypassing the contact area first, therefore
four stepwise changes will appear in the particle breakthrough curves. Hence breakthrough
curve becomes flatter. This example shows clearly that flow and particle transport in the
x-direction is more uniform and has smaller standard deviation (variance) in travel time than
those in the y-direction. The right bottom figure in Fig. 4.23 shows the change in the shape of
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Figure 4.22. Comparison of calculated Péclet numbers, Pe between particle transport, with
overall flow parallel with (in the -x-direction) and perpendicular to( in the +y-direction)
the shear direction, as a function of shear displacement for fracture specimens, J1, J2 and
J3 under a constant normal stress of 1.0 MPa, J1-1, J2-1 and J3-1.
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y
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the breakthrough curve. The breakthrough curve becomes flatter when the dispersivity is
larger and shifts leftward when tracer velocity increases. The particle transport perpendicular
to the shear direction has flatter breakthrough curve, larger dispersivity and standard deviation
in particle travel time, lower Péclet numbers (calculated from Eq. (4.14)), and therefore
dispersion is more significant than that with flow parallel with the shear direction.

Time

x
Particle concentration, %

Particle concentration, %

Flow direction

Time

higher dispersivity
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Time

Figure 4.23. Interpretation of the channeling effect on the breakthrough curves for both
particle transport parallel with and perpendicular to the shear direction with simple flow
channel geometry.
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5

Comparative study on difference in using
Navier-Stokes and Reynolds equations for simulating
the fluid flow and particle transport in rock fracture

Transport simulations are often carried out using mean flow velocity calculated by using flow
simulation results. Transport properties have been evaluated for single rock fractures as
reported in e.g. Moreno et al. (1988), Thompson (1991), Thompson and Brown (1991),
Plouraboue et al. (1998), Detwiller and Rajaram (2001), and Jeong and Song (2005). The
validity of Reynolds equation and local cubic law are usually applied and the common
understanding is that their applicability can be guaranteed only when the Reynolds number is
very small (where viscous forces dominate the inertial forces) and aperture does not change
abruptly (Zimmerman et al., 1991; Zimmerman and Bodvarsson, 1996). In reality, these
requirements may not be met with rough rock fractures. The deviation of the flow velocity
fields from ideal parabolic profiles across the fracture aperture, which could happen when
fractures are not planar and smooth as required by Reynolds equation, could have a
significant impact on the particle transport properties in rock fractures. The mechanical shear
also plays important roles to change the geometry of fracture aperture fields and, therefore,
give an additional increment on the geometric complexity of fracture apertures, resulting in
additional complexities in the flow and transport properties of rock fractures. These issues can
only be examined when direct solution of Navier-Stokes (NS) equations with detailed
representation of roughness of fracture surfaces, with or without shear, is obtained. Needless
to say, due to the geometric complexity, numerical solution techniques must be applied.
In this chapter, the differences in simulating fluid flow behavior of rock fractures were
examined when more theoretically complete and sound NS equation and much simplified
Reynolds equation were used, and their impacts on the studies of fracture geometry and its
change during mechanical shear on the flow velocity fields/profiles and particle transport
phenomena, especially streamline/velocity dispersion, were evaluated. The simulations have
to be conducted numerically using 2-D cross-section geometry models of rock fractures,
through the numerical solutions of the fluid flow by FEM, due to the current limitations in
computing power available to the author. The comparison of the two sets of results then was
used to evaluate the degree of validity of the Reynolds equation for practical problems
quantitatively. A steady state fluid flow through a vertical cross section of a rough fracture
was used, due to the reason that full 3D representations of the rough fractures can only be
accommodated by mainframe supercomputers with different numerical methods. Transport
properties were calculated for steady state flows in a straightforward fashion for more
efficient comparison.
5.1 Model set up
A natural rock fracture surface, labeled as J1, was used as the parent surface for creating
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fracture replicas for a series of coupled shear-flow tests under different normal constraint
conditions (see Chapter 3and 4) in this study. The results of coupled flow shear tests,
assuming local validity of the cubic law and using mean flow velocity across the fracture
aperture (the 2/3 of the maximum velocity of the ideal parabolic profile according to the
Reynolds equation) and direct solution of the NS equation are presented in this chapter. The
shear induced fluid velocity channeling and enhanced flow rate in the direction parallel with
and perpendicular to the shear direction, as reported in the previous chapter, are not
considered.
For generation of 2D geometric models of the rough fracture, one vertical cross section of the
fracture sample J1 was selected in the middle of the sample as the lower profile of a fracture
model, as shown in Fig. 5.1. Figure 5.2 shows how to create the 2D fracture models using this
lower profile. The upper profile of the fracture model was created by a rigid-lifting the lower
profile for a vertical separation of 1.0 mm along the whole fracture length. To simulate shear,
the lower profile is fixed and the upper one was translated in the –x-direction up to 2.0 mm,
with a 1.0 mm shear displacement interval, and without any dilation, as shown in Fig. 5.2a. At
each shear displacement interval, aperture values along the fracture length was calculated in
the direction perpendicular to the mean plane of the fracture model at 1000 measuring points.
Along the fracture length, a (arithmetic) mean value of aperture over each 5 measuring points
were calculated, thus the space between two rough profiles was modeled as an assemblage of
200 thin columns with an edge length of 1.0 mm (Fig. 5.2b), distributed step-wise along the
length of the fracture. The whole cross section area of the fracture was further divided into
about 70,000 FEM elements for solving flow equations and transport calculations.

Sample J1

21
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a)
b)
Figure. 5.1. a) 3-D topography of fracture surface specimen J1 (with a mesh size of 2 mm)
and b) selected rough surface profile location at y=50 mm, with a much magnified vertical
scale
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Figure. 5.2. Model geometries of the 2D fracture. a) Parallel shift of the upper surface
profile, with initial opening of 1.0 mm (b=1.0 mm), for simulating translational shear in
the -x-direction, and b) Simplified geometry for numerical simulations using 200 thin
columns with a 1.0 mm width. Whole area was discretized with 70,000 triangle FEM
elements.

5.2 Governing Equations
The general description of fluid flow in a single fracture is given by the Navier-Stokes (NS)
equations. In a steady state, the NS equations is expressed in vector form as,

ρ (∇u )u = µ∇ 2 u − ∇p ,

(5.1)

where ρ is the fluid density, µ is the fluid (dynamic) viscosity, u is flow velocity vector (u=(ux,
uy, uz)), and p is the hydrodynamic pressure. Equation (5.1) is composed of a set of coupled
nonlinear partial derivatives of varying orders. It is difficult and impractical to solve the Eq.
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(5.1) in closed-forms with very complicated geometry and under general boundary conditions,
such as for flow through rough rock fractures. Therefore further simplifications are usually
adopted for obtaining numerical solutions. The first level of simplification is to assume that
inertial forces in the fluid are negligibly small compared with the viscous and pressure forces.
Eq. (5.1) is then reduced to
0 = µ∇ 2 u − ∇p ,

(5.2)

This equation is called the Stokes or ‘creeping flow’ equation. The Stokes equation has been
solved numerically for rough fractures and the validity of the simplification was examined
(Brown et al., 1995; Mourzenko et al., 1995; Brush and Thomson, 2003). However the use of
Stokes equation for solving fluid flow problem in rock fractures is not common due mainly to
its mathematical complexity.
For the second level of simplification, some geometric and kinematic assumptions are
necessary and the most common way is assuming the viscous flow under uniform pressure
gradient between two smooth parallel plates. In this case, only one component of the flow
velocity is nonzero and equations are much simplified, leading to the well-known Poiseuille
flow with a parabolic velocity profile across the fracture aperture, b, defined by two parallel
plates without roughness, with the fracture walls located at z = ±b/2. The flow velocity fields
are expressed as
ux = −

2

1 ∂p  b 
2
  − z  , u y = u z = 0 .
2 µ ∂x  2 


(5.3)

The total volumetric flow rate per unit width perpendicular to the direction of flow is then
given by
Qx = −

ρgb 3
∇p ,
12 µ

(5.4)

where b is the aperture of the idealized parallel smooth fracture. The term T = ρgb 3 12 is
commonly called as the fracture transmissivity. Since transmissivity is proportional to the
third power of the aperture, this relation is also called as the ‘cubic law’. In this case, the NS
equation is reduced to the much simplified two-dimensional Reynolds equation by averaging
in the aperture direction under the following kinematic and geometric constrains: the
Reynolds number is very small (where viscous forces dominate the inertial forces) and
aperture does not change abruptly (Zimmerman et al., 1991; Zimmerman and Bodvarsson,
1996, Zimmerman and Yeo, 2000). The Reynolds equation is expressed as

 ρgb 3
∇ ⋅ 
∇p  = 0 .

 12 µ

(5.5)

Aperture-averaged models have been widely used for both fluid flow and solute transport
simulations in rock fractures (Zimmerman et al., 1991; Zimmerman and Bodvarsson, 1996).
The applicability of the aperture-averaged models/cubic law has also been discussed
theoretically and numerically (Neuzil and Tracy, 1981; Brown, 1987a; Zimmerman et al.,
1991; Brown et al., 1995; Mourzenko et al., 1995; Zimmerman and Bodvarsson, 1996; Brush
and Thomson, 2003; Sisavath et al., 2003; Zimmerman et al., 2004; Zimmerman, 2005).
In this study, since a two-dimensional vertical cross section of a rough fracture was selected
the aperture is no longer constant but varies along the fracture length. The unknown
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parameters in Eq. (5.1) include two components of flow velocity (in x- and z-directions, ux
and uz,) and hydrodynamic pressure, p. Since Eq. (5.1) includes two equations for 2-D
problems, one more equation is needed to solve for the three unknown parameters, ux, uz and
p. The third equation is the continuity equation for incompressible Newtonian fluid, which is
expressed as follows:
∇u = 0 .

(5.6)

To solve NS equations (Eq. (5.1)) together with continuity equation (Eq. (5.6)) for 2D
problems, we used the commercial FEM software COMSOL Multiphysics (COMSOL AB,
2006). The density and viscosity of water at 10°C were taken as ρ = 0.9997×103 kg/m3 and µ
= 1.307×103 Pa·s, and the gravitational acceleration is taken as g =9.807 m/s2. We also solved
Reynolds equation (Eq. (5.5)) for the same flow problem assuming ideal parabolic velocity
profile of ux, from column to column, so that differences between the results using two
equations can be compared. Solving the Reynolds equation is therefore further simplified into
a 1-D problem. Flow simulation results such as flow rates and flow velocity profiles across
aperture are compared between results using the NS and Reynolds equations under different
hydraulic pressures (explained in the next section) and different shear displacements.
5.3 Boundary conditions

The boundary conditions consist of: 1) no flow at the upper and lower fracture walls (profiles)
representing impermeable rough rock surfaces; and 2) fixed hydraulic pressures at the inlet
and outlet boundaries as shown in Fig. 5.3, with zero pressure at the outlet and Pressure p = 1
Pa, 10 Pa, 100 Pa and 1000 Pa, respectively, at the inlet (x = 0). A hydraulic pressure of 1 kPa
is nearly equal to the 10 cm hydraulic head which was applied in the laboratory coupled
shear-flow tests for single rock fractures in the works by Li et al. (2007) and Koyama and
Jing (2007). It should be noted that since sample size becomes slightly shorter during the
shear, pressure gradient through the fracture was not kept constant but becoming slightly
larger.
5.4 Particle transport simulation – particle tracking method

In this study, a Lagrangian approach using a particle tracking method was selected for particle
transport simulations, considering only advection process. The random dispersion due to
diffusion of the solute particles within the fluid in fractures and other retardation mechanisms
such as sorption or decay, were not taken into account. As the steady-state fluid flow was
assumed, particle tracking along the streamlines was used. After solving the Navier-Stokes
and Reynolds equations, flow velocity was calculated element by element and particles travel
following the streamlines. It should be noted that particles are assumed to be massless in this
study.
For the particle injection at the inlet boundary, the number of particle injected at the elements
along the inlet boundary is proportional to the element’s flow rates as defined by the velocity
profile at the inlet, which was solved by using the pressure boundary condition while solving
the NS equation. This means that more particles were attracted to central or near central part
of the fracture with higher flow velocities. Figure 5.4 shows the velocity profiles at the inlet
boundary (without shear and hydraulic pressure is 1 kPa) and the number of the particle
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Inlet: constant pressures, p=pi (pi = 1, 10, 100 Pa and 1 kPa)
Rough walls: No slip and no flow

Flow direction

z
x

Outlet: zero pressure,
p=0

Fig. 5.3. Boundary conditions for fluid flow model.

injected was proportional to the flow rates for each section, which was calculated by
multiplying flow velocity and section width. The location of particles injection was arranged
regularly at an interval of 0.005 mm along the inlet boundary. This means that there were 199
injection points initially (1.0 mm fracture aperture before shear displacement applied).
From the particle tracking simulations, travel time for each particle was obtained and used for
evaluating the breakthrough curves, represented as the percentages of the particles collected at
the outlet as functions of time. The Péclet number is calculated according to Eq. (4.14).
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Figure 5.4. Calculated flow velocity profile at the inlet boundary (Using NS equation and
boundary pressure values) and flow rate weighted particle injection method. It should be
noted that the actual interval for particle injection points is 0.005 mm.

5.5. Results
5.5.1 Flow simulation results

Figure 5.5 shows the evolution of flow velocity fields (absolute value of the flow velocity
vector, |u|) and flow velocity profiles along three sections x= 0.025-0.030 m (I), 0.095-0.10
m (II) and 0.155-0.160 m (III), for three different shear displacements of 0, 1 and 2 mm, and
under two hydraulic pressures of 10 Pa (Fig. 5.5a, b, and c) and 1 kPa (Fig. 5.5d, e, and f),
respectively, using solution of the NS equations. In Zone I and III, the variation of the fracture
geometry is large, defined by the waviness of the upper and lower profiles. Flow goes up first
and down afterwards in Zone I but vice versa in Zone III, as shown by figures with
cross-sectional velocity profiles. On the other hand, the variation of fracture geometry is small
(smooth) in Zone II. The high-velocity paths are located close to the central part of the
fracture. It can be seen that the velocity profiles are almost ideal parabolic when fluid flows
through relatively smooth sections of fractures (e.g. Section II), but much distorted when
sudden change of aperture geometry occurs, as highlighted in zones I and III in Fig. 5.5.
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Figure 5.5. Evolutions of fluid flow velocity fields and cross-sectional profiles along zones
x=25-30 (I), 95-100 (II) and 155-160 mm (III) under pi=10 Pa for shear displacements of
a) 0 mm b) 1 mm and c) 2 mm, respectively. The values in the legend indicate the absolute
flow velocity (unit: m/sec).
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Figure 5.5 (continued). Evolutions of velocity fields and cross-sectional profiles along
zones x=25-30 (I), 95-100 (II) and 155-160 mm (III) under pi=1 kPa for shear
displacements of d) 0 mm e) 1 mm and f) 2 mm, respectively. The values in the legend
indicate the absolute flow velocity (unit: m/sec).
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In order to compare more closely and clearly about the local behavior of flow velocity profiles,
the evolution of the flow velocity profiles obtained from NS equations (representing changes
in both x and z-components of the flow velocity vectors, ux, and uz) during shear, and for
different hydraulic pressures of 1 Pa, 10 Pa and 1 kPa, are plotted at the several cross sections
selected from each zone: x = 0.025125, 0.026125 and 0.026875 m from Zone I; x = 0.097125
m from Zone II; and x = 0.15725 and 0.158125 m from Zone III, respectively. The ideal
velocity profiles as defined by the Reynolds equation (Eq. (5.5)) were also plotted as dotted
curves without symbols, and are compared with the distorted ones predicted by simulations
using the Navier-Stokes equations (the solid curves with symbols) in Fig. 5.6. The pattern of
the fracture geometry change at each cross section during shear was also shown at the top of
this figure, as enlarging (diverging), reducing (converging) or smoother transition. More
clearly, with the results of NS solutions, the distortion of the flow velocities are shown in
directions, shapes and magnitudes, compared with the ideal symmetric parabolic profiles
using the parallel plate models (parabolic profiles of ux and zero uz, see also Eq. (5.3)) with
the Reynolds equation results.
The vertical z-components of the flow velocity vectors, uz are not zero generally (as will be
the case with the use of the Reynolds equation) at selected cross sections and have positive or
negative values depending on the flow going up (plus) or down (minus) vertically. The most
dramatic profile changes of uz occur when the fracture space becomes narrower or wider
suddenly (sudden decreases or increases of apertures). The uz values change from positive to
negative along the z-direction when the fracture space becomes narrower suddenly and the
flow field converges (see Fig. 5.6b and c). On the other hand, when the fracture space
becomes wider suddenly, the uz values change from negative to positive along the z-direction
and the flow field diverges (see Fig. 5.6f). At x = 0.097125 m in Zone II (Fig. 5.6d), the
velocity profiles are close to ideal situation for all shear displacement stages with very small
vertical velocity components. This is due to the fact that the fracture geometry is relatively
smoother and does not change much during the shear. Even though, small negative non-zero
uz values are generated consistently since the continuous downward trend of the fracture in
Section II (cf. Fig. 5.5).
Several velocity profiles for the horizontal ux predicted by NS have flatter peaks (see Fig. 5.6b,
c and f), which indicates the formation of an inertial core between the walls. Negative values
of the horizontal ux also occur in some sections (see Figs. 5.6b, c, e and f). This negative ux
area appears when large rising up or lowering down of the fracture walls occurs. This means
that fluid flows backwards and rotates near the corners cause by such changes on the fracture
walls, and the streamlines of that part become closed numerically. This rotational flow area
appears more frequently when higher hydraulic pressure is applied with faster flow velocities.
More discussion is given about this effect in the discussion section.
Figure 5.7 shows the trajectories of the maximum absolute flow velocity under different
hydraulic pressures of 1, 10, 100 Pa and 1 kPa for different shear displacements of 0 and 2
mm, respectively. With the results using the Reynolds equation, the location of the maximum
absolute flow velocity is always the central line (the dotted line) of the fracture space and the
maximum velocity lines under different hydraulic pressure (the solid lines in color) using NS
equation deviate from it, but the two sets of results are very close to each other. Certain
deviation from the ideal situation occurs when fracture geometry changes suddenly as
highlighted in Fig. 5.7 at a few local places but the overall agreement maintains in general.
This may indicate that for the total flow rate the two sets of equations may yield very closely
matched results. The trajectory for low hydraulic pressure (therefore low velocity) follows the
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central line of the fracture and is more sensitive to the variation of the rough surface geometry.
On the other hand, trajectory for higher hydraulic pressures does not follow the change of the
fracture geometry exactly with shortcuts, as a results it becomes straighter and less tortuous.
In this study, very large deviation of the trajectories of maximum absolute flow velocity from
the center line, as reported in (Skjetne et al., 1999) for the high velocity flow (Re = 52), was
not observed even though our calculated maximum Reynolds number is about 200. The
reason may be differences in the roughness of the walls.
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Figure 5.6. Evolutions of representative cross-sectional velocity profiles at a) x=0.025125
m and b) x=0.026125 m (from section I in the Fig. 5.5) under different pressures of 1 Pa,
10 Pa and1 kPa during shear displacements of 0 mm, 1 mm and 2 mm, for both horizontal
and vertical velocity components, ux and uz, respectively.
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Figure 5.6 (continued). Evolutions of cross-sectional velocity profiles at c) x=0.026875 m
(from section I in the Fig. 5) and d) x=0.097125 m (from section II in the Fig. 5.5) under
different pressures of 1 Pa, 10 Pa and1 kPa during shear displacements of 0 mm, 1mm and
2 mm, for both horizontal and vertical velocity components, ux and uz, respectively.
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Figure 5.6 (continued). Evolutions of cross-sectional velocity profiles at e) x=0.15725 m
and f) x=0.158125 m (from section III in the Fig. 5.5) under different pressures of 1 Pa, 10
Pa and1 kPa during shear displacements of 0 mm, 1mm and 2 mm, for both horizontal and
vertical velocity components, ux and uz, respectively.
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Figure 5.7. Trajectories of the maximum absolute flow velocity under different hydraulic
pressures of 1 Pa, 10 Pa, 100 Pa and 1 kPa for different shear displacements of a) 0 mm
and b) 2 mm, using the Reynolds equation (the dashed line) and the NS-equation (the solid
lines).
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Figures 5.8a, b and c shows the total flow rates calculated by the two sets of the flow
equations and ratios between them, Q_NS/Q_ideal, where Q_NS is the total flow rate by using the
NS equations and Q_ideal is the total flow rate by using the Reynolds equation with ideal
symmetric parabolic profile of ux, as functions of hydraulic pressure and Reynolds number for
different shear displacements of 0, 1 and 2 mm, respectively. From Fig. 5.8a, there is no
significant difference between the total flow calculated NS and Reynolds equations for all
shear displacement cases and the relation between hydraulic pressures and flow rates varies
linearly with hydraulic pressure, even though the total flow rate by the NS equation is always
slightly smaller than that by the Reynolds equation. From Fig. 5.8b, the ratio QNS/Qideal is
always smaller than 1.0 and becomes smaller with higher hydraulic pressures. The QNS/Qideal
ratio is about 0.95 when applied hydraulic pressure is 1 Pa and decreases to 0.9 when applied
pressure is 1 kPa. The comparison means that evaluated total flow rate by Reynolds equation
(with assumed ideal parabolic flow velocity profiles or with averaged flow velocity field in
the aperture direction) is overestimated, from 5 to 10 % in this case. Figure 5.8 also shows
that the effect of shear displacements of 1 mm and 2mm on the QNS/Qideal ratio is not
significant for the lower hydraulic pressure (up to 100 Pa) but it becomes more significant
when hydraulic pressure is 1 kPa. The QNS/Qideal value for larger shear displacement is smaller
when high hydraulic pressure (1 kPa) was applied. This is due to the fact that fracture aperture
geometry becomes more complicated after applying shear displacements and as a result, flow
velocity fields were more distorted when higher hydraulic pressure was applied (see also flow
velocity profiles shown in Figs. 5.5 and 5.6).
Figure 5.8c shows similar plots to Fig. 5.8b, but with ratio QNS/Qideal plotted as a function of
calculated Reynolds numbers for each shear displacement. In this study, the Reynolds number
for flow through single rock fractures is defined in Eq. (3.6).The calculated Reynolds
numbers for each shear displacement from Eq. (3.6) are listed in Table 5.1. From Fig. 5.8c,
the overestimation of the total flow by the Reynolds equation becomes larger when Reynolds
number becomes larger, from 5-10%. This overestimation is significant when Reynolds
number becomes more than 200 and larger shear displacement was applied, indicating the
need for more careful evaluation of the flow behavior and applicability of the Reynolds
equation and cubic law under situations with higher Reynolds number and larger shear
displacements.

Table 5.1. Calculated Reynolds numbers for different hydraulic pressures and shear
displacement.
Hydraulic
pressure
1 Pa
10 Pa
100 Pa
1 kPa

0 mm
0.22930
2.2926
22.809
225.22

Shear displacement
1 mm
0.22246
2.2237
22.129
213.69
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2 mm
0.20538
2.0534
20.456
194.63
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Figure 5.8. Flow simulation results: a) comparison of the flow rates calculated from
Navier-Stokes and Reynolds equations for different shear displacements, b) calculated ratio
of flow rates using NS equation (QNS) and Reynolds equation (Qideal), QNS/Qideal, as a
function of hydraulic pressure and c) calculated ratio of flow rates (QNS/Qideal) as a
function of Reynolds number.
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5.5.2 Particle transport simulation results

In the previous section, flow velocity fields predicted by Navier-Stokes and Reynolds
equations were compared and the flow velocity profiles using the NS equation do not agree
generally with the ideal parabolic profiles between the smooth parallel plates defined by the
Reynolds equation. This deviation of the flow velocity behavior may affect the particle
transport through the fractures since the particles may enter the fracture at different elevations
in the aperture direction, following different velocity trajectories with different numbers (or
solute concentrations).
In this section, the effects of the flow velocity behavior across the aperture on the particle
transport properties were investigated. Figure 5.9 shows the particle movements paths in the
fracture under hydraulic pressure of 10 Pa, 100 Pa and 1 kPa for different shear displacements
of 0, 1 and 2 mm, with the velocity variations predicted by using the NS equation. We
assumed that particles follow the streamlines at the inlet without jumping on or off their initial
streamlines during travel for simplicity since the actions of gravity, electric-magnetic and
chemical forces on the particles are not considered for this generic study.
The breakthrough curves calculated using flow velocity fields predicted by Navier-Stokes and
Reynolds equations were shown in Fig. 5.10. It should be noted that two different levels of
averaging were adopted in the aperture direction (z-direction) for the simulation using
Reynolds equation as introduced in Section 1:1) using the ideal parabolic profile of ux (with
zero uz), and 2) using a mean flow velocity of ux equal to 2/3 of the maximum flow velocity
predicted by the Reynolds equation, which was assigned to all elements along the aperture
direction for each column, with uz = 0. When the mean flow velocity option was adopted,
particle travel time is identical for all particles and all particles reach the outlet at the same
time, which means that the shape of the breakthrough curves is a sharp stepwise function of
time. When the velocity ux following ideal parabolic profiles of ux is used with Reynolds
equation for flow simulations, the breakthrough curves are smooth curves with long tails due
to the slow motions of particles near the walls. When the velocity fields predicted by NS
equations were used, the breakthrough curves could not reach the 100 % level since some
particles were trapped in the fracture and did not reach the outlet boundary, with two
mechanisms: 1) some particles introduced too close to the walls with almost zero velocity so
that they stay in the fracture; 2) some particles introduced near the fracture wall with small
velocity but were trapped into rotational flow area where fracture aperture changes suddenly
(indicated by the negative values of the horizontal component of the flow velocity, ux (see
Figs. 5.5 and 5.6). More detailed discussions about particle trapping zones are discussed in the
next discussion section. The breakthrough curves using the NS flow solution is therefore
truncated compared with that with Reynolds equation for flow simulations.
The breakthrough curves calculated from velocity fields predicted by NS equations are always
flatter than those calculated from the Reynolds equation, besides being truncated due to the
loss of the trapped particles. They become flatter when higher hydraulic pressure was applied
and flow velocity becomes faster. Since flatter breakthrough curves have larger dispersivity
values, dispersion (streamline/velocity dispersion) becomes more significant when NS
equation is used for the flow calculations. This is caused by the fact that disturbance to the
flow velocity fields by the surface roughness of the fracture walls are more adequately
represented in the NS equation and was ignored in the Reynolds equation. This effect will be
more significant with increasing flow velocities (such as by increased hydraulic gradients).
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Figure 5.9. Particle motion trajectories with evolutions of velocity fields under hydraulic
pressure of 10Pa, 100Pa and 1kPa with shear displacement of a) 0 mm b) 1mm and c)
2mm, respectively, using the NS equations. The values in the legend indicate the absolute
flow velocity (unit: m/sec).

Table 5.2 shows the calculated mean and standard deviations of the particle travel time as
functions of hydraulic pressure, using results by both NS and Reynolds (using the idealistic
parabolic profile) equations at the identical percentage of particle collection at the outlet
(since the truncated breakthrough curves using NS solutions). The mean travel time and
standard deviation data are needed to calculate the Péclet numbers characterizing the
dispersion of the transport (cf. Eq. (4.14)), which is plotted in Fig. 5.11, corresponding to
shear displacement of 0 mm, 1 mm and 2 mm, respectively. Since the NS solution generated
trapping particles, it cannot be compared directly with the Reynolds equation results with
100 % particle recovery. Therefore the Péclet numbers for both NS equation and Reynolds
(with ideal parabolic profile) results were calculated at the same particle recovery percentage
(cf. Fig. 5.10) defined by the NS solution, as shown in Fig. 5.11a for the Péclet number
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generated with NS solution and Fig. 5.11b for the Reynolds solution (with ideal parabolic
profile of velocity). The Péclet numbers, Pe in Fig. 5.11, shows the similar evolution trend
against applied hydraulic pressures, i.e. the Pe decreases with increasing applied hydraulic
pressure, indicating increased dispersion. The effect of the shear displacements is not clear
due to the fact that the shear displacement is small and dilation effects cannot be considered in
2D problems. It is important to note that the calculated Pe from the NS solution is always
smaller than that using the Reynolds solution (with ideal parabolic velocity profiles). Since
Péclet number, Pe and dispersivity, α has an inverse relation by definition ( Pe = L α , where
L is fracture length), the dispersivity is larger and streamline/velocity dispersion is more
significant for the case using flow velocity fields predicted by NS equation. The effect of the
streamline/velocity dispersion becomes more significant when the flow velocity becomes
faster (smaller Pe for higher flow velocity).

Table 5.2a. Mean and standard deviation of particle travel time (sec) predicted by flow
velocities predicted by NS equation
Hydraulic
pressure
1 Pa
10 Pa
100 Pa
1 kPa

0 mm
Mean
524.0102
52.93717
5.456499
0.609727

Std dev
109.876
10.92506
1.392188
0.196847

Shear displacement
1 mm
Mean
Std dev
535.1932
107.7334
54.06299
10.67529
5.359738
1.166904
0.604778
0.183989

2 mm
Mean
Std dev
582.8264
135.9745
57.38174
11.58965
5.968656
1.406722
0.652674
0.209901

Table 5.2b. Mean and standard deviation of particle travel time (sec) predicted by flow
velocities predicted by Reynolds equation. Note that the same number of particles
(percentage) collected for the NS case at the end was used for this case.
Hydraulic
pressure
1 Pa
10 Pa
100 Pa
1 kPa

0 mm
Mean
468.7410
46.76576
4.829648
0.507525

Std dev
54.47328
5.315797
0.729773
0.10953

Shear displacement
1 mm
Mean
Std dev
484.0694
58.30925
47.16709
4.338792
4.889933
0.645898
0.499345
0.078435
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2 mm
Mean
519.6576
52.67371
5.183023
0.543325

Std dev
61.69441
7.073263
0.599848
0.093409
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Figure 5.10. Breakthrough curves using flow velocities profiles predicted by Navier-Stokes
and Reynolds equations (with ideal parabolic velocity profiles and the mean flow velocity)
for different shear displacement of a) 0 mm, b) 1 mm and c) 2 mm. It should be noted that
mean flow velocity is 2/3 of the maximum flow velocity for the Reynolds equation case.
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Figure 5.11. Calculated Péclet number, Pe by Eq. (4.14), using a) flow velocities predicted
by NS equation and b) flow velocities using Reynolds equation with ideal parabolic
velocity profiles. Note that the same number of particles (percentage) which was collected
for the NS case at the outlet was used for both cases.

In this study, the flow velocity fields predicted by using Navier-Stokes equation show
negative values for the x-component of flow velocity vectors as shown in Figs. 5.5 and 5.6.
This indicates that rotational flow was induced at some sharp corners of fracture where
sudden change of fracture aperture geometry occurs. This is the so-called particle-trapping
zone in this study, as shown in Fig. 5.12. In theory, if particles travel by strictly following the
streamlines, they will not go into these trapping zones with closed streamlines that will not
occur in reality. However, if particles jump between streamlines due to other physical and/or
chemical processes such as molecular diffusion, such trapping might occur to reduce the
particle travel speed and generate long tails in the breakthrough curves. A similar particle
trapping phenomena was observed from the fluid flow and colloid transport simulations by
coupled lattice-Boltzmann discrete element method (LBDEM) (Boutt et al., 2006). In our
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results, closed streamlines were formed at some sharp corners on the fracture walls that
generated these trapping zones, as shown in Fig. 5.12, and this is more likely a numerical
artifact due to sudden change of aperture geometry. This numerical artifact can be eliminated
or reduced when more smooth representation of rough surfaces with much refined meshes is
used.
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Figure 5.12. Illustration for formation of a particle trapping zone generated by sudden
change of aperture geometry, corresponding to particle movements for pi=1 kPa with
fracture opening of 1.0 mm and 2 mm shear displacement.
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6

Discussions on model validation studies

Several outstanding issues are further discussed in this chapter due to their importance and
special difficulties.
1) Technical difficulties of measuring evolutions of aperture during shear
The accurate knowledge of aperture evolution under normal loading during shear is important
for the development of coupled hydro-mechanical constitutive models for rock fractures. To
get accurate aperture values during shear, direct measurement is desirable but not possible in
practice in laboratory tests at present. The most common way to obtain the mean aperture in
numerical modeling is to calculate the distance of superimposed two rough surfaces in the
direction perpendicular to the nominal fracture plane, which is adopted in this study, and
back-calculation using measured flow rate in tests assuming validity of the cubic law.
However, some assumptions are always required to determine the initial position of rough
surfaces corresponding to the samples’ in situ stress conditions, to quantify the local aperture
distribution, and to estimate relocation errors. More accurate measurement of relocation errors
at the start and quantification of tilting effects during shear are important for more accurate
numerical predictions. The images obtained from visualization of the fluid flow using dye,
which was newly developed in the coupled shear-flow testing apparatus, can be used to
measure the aperture and flow velocity fields as well as their changes during the mechanical
direct shear tests by image analysis in the future.
2) Flow boundary conditions
The numerical simulation results illustrate the most significant shortcoming of the traditional
shear-flow tests, where the flow direction is parallel with the shear direction, by neglecting
more significant aperture and transmissivity variations in the direction perpendicular to the
shear direction. However there are still technical difficulties, especially sample sealing during
the direct shear tests, to perform the flow tests in the direction perpendicular to the shear
direction. Therefore the perpendicular flow and particle transport were simulated and
predicted using numerical modeling in this study without measured data for comparison and
validation. The numerical simulation using digitized surfaces of replicas of natural fracture
show its advantages in more complete evaluation of aperture changes during shearing. It
shows that the generation of the flow channels through rock fractures with increasing shear
displacement could be readily re-constructed under unidirectional or bi-directional flow
(presented in Paper VII and IX, Appendices A and C at the end of this thesis) test conditions,
and the later cannot be tested at present in laboratories.
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3) The effect of asperity degradation/damage and generation of gorge materials on fluid flow
and particle transport
The asperity degradation/damage and generation of gorge materials cannot be measured at
asperity scale directly during shear tests, due to the same technical difficulty as the
determination of aperture field during shear. However, they may have significant effects on
fluid flow in rock fractures. Although gorge generation is ignorable in the presented
laboratory tests, the deformation and damage of the asperities at contacts may still play an
important role in the discrepancies between the measured and simulated values. More
development in numerical modelling with functions of stress, deformation and damage
analyses are needed to improve the capacity of more reliable numerical modelling tools. On
the other hand, development of more advanced experimental techniques for quantitative
real-time measurement of initial conditions and evolution of aperture and surface roughness
during shear with normal loading, in conjunction with fluid flow is more important to deepen
our scientific understanding and provide more reliable data for model development and
validations.
4) Validity of Reynolds equation (the cubic law)
The validity of Reynolds equation and/or local validity of the cubic law have been
investigated extensively (Neuzil and Tracy, 1981; Brown, 1987; Zimmerman et al., 1991;
Brown et al., 1995; Mourzenko et al., 1995; Zimmerman and Bodvarsson, 1996; Brush and
Thomson, 2003; Zimmerman et al., 2004). From a theoretical study to investigate the validity
of the cubic law though fractures with rough surfaces (Neuzil and Tracy, 1981), it was
concluded that a single-valued aperture cannot sufficiently characterize flow rates in rough
fractures. Other physical and theoretical considerations such as the frequency distributions of
apertures need to be incorporated into the cubic law. Some numerical experiments for solving
Reynolds equation with a randomly generated fractal aperture distribution shows that surface
roughness of natural rock fractures can cause a deviation from the cubic law prediction
ranging from 10% to 50% (Brown, 1987). The Reynolds equation was also employed to
establish the analytical expressions of permeability dependency on the fracture roughness and
mean aperture for sinusoidal fracture surfaces (Zimmerman et al., 1991). The results showed
that the fracture surfaces should be smooth over the length of the order of one standard
deviation of the fracture aperture in order for the Reynolds equation to be valid, and the
associated errors will be considerable if the fracture surfaces become very rough (Zimmerman
et al., 1991). The comparison of the predicted flow in idealized sinusoidal roughness fractures
from using Reynolds equation with that from using the lattice-gas automaton method showed
that the Reynolds equation overestimates the flow velocity when the surfaces are placed very
closely together or the amplitude of the roughness increases relative to its wave length
(Brown et al., 1995). Stokes equation has been solved using the finite element technique and
the results were compared with results from Reynolds equation (Mourzenko et al., 1995;
Brush and Thomson, 2003), with the conclusion that a simulation based on the Reynolds
equation yields results with a reasonable validity. The difference in the evaluated mean
hydraulic apertures obtained from Stokes and Reynolds equations was about 2% (Mourzenko
et al., 1995). The inertial effects will not be significant for flow at Reynolds number, Re,
smaller than 1, where aperture is taken as the representative length scale for calculation of Re
(Zimmerman and Bodvarsson, 1996; Brush and Thomson, 2003).
The Navier-Stokes equations have been solved using FEM in a realistic fracture geometry,
considering non-linear regimes of fluid flow in rock fractures, with results compared to
experiments (Zimmerman et al., 2004). The Reynolds equation, on the other hand, is more
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commonly used for the flow in fractures for its simplicity, as demonstrated by many
publications, under certain conditions of hydraulic gradient, aperture, fluid velocity, etc.,
depending on the Reynolds number of the flow fields. We used the Reynolds equation for
simplicity for most of the flow and particle transport calculations since effects of normal
stress and shear displacement on fluid flow in fractures are the causes of first order variations
and are therefore the main concern, and believed that the Reynolds equation could be
acceptable for all shear displacement stages. To check whether our assumption is valid, we
calculated the Reynolds numbers of the measured flow data during the tests, as listed in Table
3.4 and 3.5 using Eq. (3.6) (Chapter 3). The resultant Reynolds numbers generally satisfies
the requirements for laminar steady state flows, as we assumed. Therefore, use of Reynolds
equation for solving the flow and back-calculating the hydraulic properties can be accepted.
Although real flow and transport fields are much more complicated phenomena in 3-D and
simulation model should be created in 3-D in theory at least, the 2-D vertical cross-section
model was selected as an analytical domain for the studies presented in Chapter 5 because the
main purpose of this generic study is to investigate the effect of roughness, and its change
caused by mechanical shear, on the flow velocity and particle dispersion behaviors with the
detailed representation of the velocity fields across the aperture direction inside the fracture,
which has not been investigated in such details for rock fractures yet. The purpose of this
approach is to examine at how much difference in results when simplified Reynolds equation
is used instead of using the more complicated NS equations since solution of the later requires
much more computational efforts. The drawback of using the simplified 2D vertical cross
section model of rough rock fractures is that it cannot simulate large shear displacements due
to the fact that larger shear displacement will cause contacts between the lower and upper
surfaces of the fracture at some contacted asperities so that fluid flow is virtually blocked.
This is the reason why two rough walls were separated by a 1.0 mm vertical gap initially to
avoid any contact points during shear up to 2.0 mm. We also did not use any direct shear test
data and do not consider any shear dilation since shear dilation at contact points were not
present for open 2D fracture models as we considered here. This contact/dilation behavior can
only be considered properly in 3D models with realistic rough surface representations since
fluid flow bypassing contact areas can be simulated directly. However, numerical solution of
NS equation for such 3D representations requires tremendous increase of computing power
and resources which are not available at present. In any case, the 2D studies as presented in
this paper can serve as a generic example to detect quantitatively the theoretical differences in
using NS and Reynolds equations. It needs to be noted that when fluid velocity field is
predicted by using the Reynolds equation (Moreno et al., 1988; Thompson, 1991; Thompson
and Brown, 1991; Detwiller and Rajaram, 2001; Jeong and Song, 2005), the
streamline/velocity dispersion behavior as we studied in this study cannot be investigated
since the flow velocity fields are averaged in the aperture direction.
The study presented in the Chapter 5 using vertical 2-D cross-sections of a rock fracture
shows that the flow velocity fields predicted by NS equation were quite different from the
ideal parabolic velocity fields defined by the local cubic law and Reynolds equation. This
deviation gives a significant impact on the particle transport behavior and their properties.
This deviation becomes larger especially when flow velocity becomes faster (or with higher
pressure gradients). The mechanical shear plays important roles to change the fracture
geometry, which, in turn, affects the flow and transport behavior and properties of rock
fractures.
Currently, simplified models with different levels of geometric and physical representations
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using locally valid cubic law has been widely applied for the fluid flow simulations, and
calculated mean flow velocity is often used for transport simulations (e.g. Moreno et al.,
1988; Thompson, 1991; Thompson and Brown, 1991; Detwiller and Rajaram, 2001; Jeong
and Song, 2005). As shown by the results presented in Chapter 5, these simulations may be
acceptable for total flow rate calculations with flow velocity fields averaged in the aperture
direction, under appropriate hydraulic pressures and Reynolds numbers, but may not be
suitable to simulate fluid flow behaviors without checking the suitable ranges of the Reynolds
numbers and hydraulic gradients.
The simulation results show that the flow rates predicted by 1-D Reynolds equation is always
higher, from 5 to 10 %, than those predicted by 2-D Navier-Stokes equation for Reynolds
numbers ranging from 0.2-200, which is similar to the results reported in previous works
(Brown, 1987; Brown et al., 1995; Brush and Thomson, 2003). A 5-10% overestimation of the
total flow rate using the Reynolds equation may be acceptable for some applications as a
conservative solution (such as for safety assessment for nuclear waste repositories), but may
be the opposite for others (such as for geothermal energy extractions).
It is especially important for laboratory experiments for coupled shear-flow processes to
examine the test conditions in terms of hydraulic gradients and Reynolds numbers to ensure
that the back calculated hydraulic apertures are reliable, preferably using the NS equation for
the flow simulations, since the effects of the shear and hydraulic gradients affect the Reynolds
number significantly.
For particle transport simulations, the results from this study suggest that NS equation should
be used for flow velocity simulations if the interactions between fracture surface and particles
are needed, since adequate representation of the surface roughness is required in such cases.
Such a study may not be practical for large scale applications, but detailed studies with
representative fracture surface roughness features at representative fracture sizes can be
investigated, based on experimental data, as the basis for extrapolation into the simplified
large scale simulations. It may be especially needed for safety assessment of nuclear waste
repositories where transport processes with more sophisticated particle retardation
mechanisms requiring considerations for interactions between fracture surface, fluid and
particles, electric-magnetic forces, and chemical reactions during the water-rock interactions.
5) Effect of proper treatment of contact areas for flow simulations
In this study, contact areas were treated with zero aperture and no flux boundaries were
applied along the contact area. This contact algorithm is an important link for realistic
simulations of couplings between stress and fluid flow in fractures with shear and under
normal loading. The iso-value contours of hydraulic head for fracture specimen J3 under
constant normal stress of 1.0 MPa (test case J3-1, see Table 3.2 in Chapter 3) at a shear
displacement of 5 mm are compared between with and without special treatment for contact
areas as shown in Fig. 6.1. It should be noted that very small aperture value of 0.1 µm was
given for the contact areas for the case of without special treatment, as shown in Fig. 6.1b.
Figure 6.1a shows the results with special contact elements developed in Section 4.1.1 in
Chapter 4. The calculated overall flow rates were almost the same between the two models.
However, as shown in Fig. 6.1b, some of the iso-value contours of hydraulic head crossed the
contact areas and caused continuous and tightly clustered zones with very small aperture
values (Fig. 6.1b), which is physically not meaningful. Such continuous clusters will not form
when zero apertures were given to contact elements (Fig. 6.1a), with iso-value contour lines
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a)

b)

Figure 6.1. Iso-value counters of hydraulic head at 5 mm shear displacement a) with and
b), without special treatment for contact areas for fracture sample J3 under constant
normal stress of 1 MPa, J3-1. Iso-value counters were drawn from 2.5e-4 m to 9.975e-2 m
with every 0.5e-4 m intervals. It should be noted that very small aperture value of 0.1 µm
was given for contact elements for the case of without special treatment.

stopping right at the boundary of the contact areas in right angles, forming a much
discontinuous overall pattern of the iso-value contour lines of hydraulic head. This difference
in the overall pattern of continuously clustered or broken clusters of iso-head contour lines
will affect local stream lines around the contact areas and change the particle transport paths
and travel time, such as trapping particles, and changing tortuosity of stream lines, which will
affect the final calculation of break through curves and evaluation of the transport properties
in the fractures. The results also show that such special treatment of contact areas can
simulate more realistic behavior of flow fields in fractures that is important for particle
transport simulations.
6) The applicability of the particle tracking method
The streamline particle tracking is applicable when advective transport is dominant over
diffusion. The particle movement in aperture direction caused by diffusion, ∆x can be
calculated from the following equation:

∆x ≈ Dwt ,

(6.1)

where Dw is diffusivity in water (=10-9 m2/s) and t is time.
For the simulation using 2-D horizontal model averaged in the depth direction (in Chapter 4),
from Tables 4.3 and 4.4 for the flow parallel with and perpendicular to the shear direction,
respectively, the maximum mean particle travel time for advective transport parallel with and
perpendicular to the shear direction is 772 sec (for J1-1) and 31 sec (for J2-1), respectively.
From Eq. (6.1), the distances of particle movement caused by diffusion are 0.88 mm and 0.18
mm. Comparing the length of fracture 200 mm and 100 mm, the particle movement caused by
diffusion is negligible. On the other hand, for the simulation using 2-D vertical cross section
models of fractures (in Chapter 5), from Table 5.2, the mean particle travel time for advective
transport is about 500~600 sec, 50~60 sec, 5~6 sec and 0.5~0.6 sec when the hydraulic
pressures of 1 Pa, 10 Pa, 100 Pa and 1 kPa were applied, respectively. From Eq. (6.1), the
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distances of particle movement caused by diffusion are 0.71~0.77 mm, 0.22~0.24 mm,
0.071~0.077 mm and 0.022~0.024 mm. Comparing initial fracture aperture of 1 mm, the
particle movement caused by diffusion will be more significant when flow velocity is lower.
In the laboratory coupled shear-flow test presented in this thesis (Chapter 3), the hydraulic
difference of 0.1m was applied, which nearly equal to hydraulic pressure of 1 kPa. In this case,
the effect of diffusion on the particle movement is very small and negligible. Therefore the
particle tracking method is applicable in this study.
7) Particle injection methods – the flow rate-weighted particle injection method
In this study, the flow rate-weighted particle injection method was used. This injection
method is more realistic because higher flow rate attracts more particles along the inlet
boundary. However, evenly distributed particle numbers along the inlet were also used in
some literature without evaluating its effect on the evaluated transport properties, such as
breakthrough curves, dispersivity and Péclet number (e.g. Grindrod and Lee, 1997; James and
Chrysikopoulos, 2000; Boutt et al., 2006).
The effect of different particle injection methods on the obtained breakthrough curves was
investigated for the particle transport in parallel with shear direction in fracture sample J3
under 1.0 MPa, J3-1 and shown in Fig. 6.2. In this figure, the three different particle injection
methods were compared; 1) the number of the injected particles is weighted by local flow
rates at inlet (adopted in this study as presented in Chapter 4 and shown as ‘weighted’ in Fig.
6.2), 2) the same number of particles is introduced at inlet boundary but particles are not
introduced at zero flow rates area (shown as ‘not weighted (I)’ in Fig. 6.2), and 3) the same
number of particles is introduced at inlet boundary evenly, including zero flow rates areas
(shown as ‘not weighted (II)’ in Fig. 6.2). It should be noted that the same number of injection
points, 100 points, are evenly distributed at regular interval of 1.0 mm. From this figure, the
percentage of the particles that reach to the outlet boundary becomes less when the flow
rate-weighted particle injection method was not used. The deviation of the breakthrough
curves from those obtained from the flow rate-weighted method becomes larger with
increasing shear displacement. For all shear displacement cases, the breakthrough curves
obtained from the flow rate-weighted method are steeper than not-weighted methods. This
means that the dispersivity is smaller (Péclet number is larger) when flow rate-weighted
method was adopted. This finding is important to evaluate the transport properties using
particle tracking method. The transport properties may be under or overestimated significantly
when the flow rate-weighted particle injection method is not used (dispersivity will be
overestimated and Péclet number will be underestimated).
This issue is also extensively investigated in the Paper XI, Appendix E at the end of this
thesis.
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Figure 6.2. Breakthrough curves with different particle injection methods for the particle
transport with overall flow parallel with the shear direction in the fracture specimen J3
with a constant normal stress of 1.0 MPa, J3-1.

8) Particle trapping
In this thesis, for both horizontal and vertical fracture models, some particles can not reach
the outlet boundaries and stay in the very low flow velocity areas or rotated flow areas, even
though any the particle trapping mechanism, such as absorption was not considered in the
models. The later is a numerical artifact most possibly, which can be eliminated or reduced
when more smooth representation of rough surfaces and contact areas with much refined
meshes is used. The other option will be introducing the diffusion mechanism into the particle
tracking method (random walk particle tracking method). In this case the transport
phenomena can be simulated more realistically.
9) The Péclet number evaluation techniques
The Péclet numbers evaluated from fitting breakthrough curves obtained from the particle
tracking simulation of numerically sheared fracture range from 0.7-36 for 2-D horizontal
models and 19-51 for the vertical cross section models of fractures. In some laboratory tracer
tests with rock fractures, Neretnieks et al. (1982) found that the Péclet numbers change from
8-27 for fractures in granite core sample, 30 cm in length. Moreno et al. (1985) reported that
the Péclet numbers vary between 9-80 for the flow in fractures in granite core sample of 27
cm in length. The particle tracking results using stochastic model by Moreno et al. (1988)
show that the range of the Péclet number is between 2-40. The numerical transport
simulations, where the advection-dispersion equation was solved in 2-D fields using
artificially generated fractures carried by Thompson (1991), show that the Péclet number
changes from 3-50. The Péclet number evaluated in this study has the same order of
magnitude as the previous experimental and numerical works mentioned above.
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7

Conclusions

In this study, the fluid flow and particle transport in rock fracture replicas during shear under
different normal stress conditions were simulated using the COMSOL Multiphysics code of
FEM with a special algorism for contact areas for fluid flow and streamline particle tracking
method for the particle transport, considering evolutions of aperture and transmissivity fields
during shear, obtained from real coupled shear-flow tests of fracture specimens of realistic
surface roughness features. The numerical simulation results agreed well with the results
obtained from the laboratory coupled shear-flow tests with or without visualization (flow rates,
dye flow image captured by CCD camera) for the fluid flow parallel with and perpendicular
to the shear displacement, respectively, as well as particle transport properties predicted by
numerical simulations. The validity of Reynolds equation was also studied using 2-D
cross-section models of a rock fracture by solving both Navier-Stokes (NS) and Reynolds
equations.
The findings obtained from this study are summarized as follows.
1) Laboratory coupled shear-flow tests and calculation of aperture evolution during shear
• The numerical simulations using digitized fracture surfaces showed detailed variation of
the aperture and transmissivity fields during shearing processes, where the generation of
flow channels in the rock fractures with increase of shear displacement can be readily
quantified with both standard or more complex flow boundary conditions that cannot be
realized in laboratory tests today, but are more realistic compared with in-situ situations.
• A channeling effect is observed, particularly in the direction perpendicular to the
translational shear direction, which creates much more announced anisotropy and
heterogeneity in the aperture and transmissivity distributions compared with what can be
observed in the flow field parallel with the shear direction.
• Both the mean and standard deviation of the fracture aperture increase with increasing
shear displacement.
• The evolutions of aperture and contact distributions during shear predicted by numerical
simulations agree well with the images obtained from the coupled shear-flow tests of
fracture specimens with visualization of the fluid flow.
2) Flow simulation
• The aperture characterization, including its evolution with shear, is the key parameter for
reliable simulation of fluid flow in fractures. It can be readily observed from numerical
modeling and laboratory experiments to some extent, even though there are still technical
difficulties to be directly visualized and measured in experiments. Combination of
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laboratory tests and numerical modeling is therefore more useful for evaluation of testing
results and detecting limitations of test designs.
• For the unidirectional flow simulations, the flow rate in the fracture increases during
shearing process. However, a greater increase is observed in the direction perpendicular to
the shear due to the significant flow channels newly created in that direction. This clearly
shows the shortcomings of the conventional coupled shear-flow tests in a laboratory with
unidirectional flow in direction parallel with the shear direction.
• The obtained flow rates from numerical simulation agree well with those measured
during the coupled shear-flow tests.
3) Particle transport
• Shearing makes a rough fracture much more hydraulically conductive, and causes a
significant decrease in particle travel time, especially at the start of shearing.
• Translational shear creates high-transmissivity channels quickly when the flow direction
is perpendicular to the shear direction. Particles travel faster through these channels
without being too much delayed by bypassing low-transmissivity regions or contact areas,
as happens when fluid flows parallel to the shear direction.
• Particles have smaller mean and standard deviation of travel time in the case of flow
perpendicular to the shear direction, due to the channelling effect.
• Analyzing breakthrough curves for the unidirectional particle transport, the transport
phenomena in the fracture is also anisotropic. Advective transport is more dominant in the
direction parallel with the shear direction.
• The aperture characterization, including its evolution with shear, is the key parameter for
reliable simulation of fluid flow and transport phenomena in fractures. The reliability
depends not only on the reliable experimental techniques and equipment, but also on the
correct conceptualization of the processes involved and the choice for proper testing
conditions, so that misleading or incomplete information can be avoided.
The work presented in this thesis was carried out subject to a number of assumptions and
simplifications, and is therefore dependent upon the validity of these assumptions and
simplifications. Chief among them are the issues related to the mechanical loading such as
damage and deformability of fractures, more adequate data support for scale-dependence
study, more sophisticated transport simulation with inclusion of retardation mechanisms and
alternative in-the-element particle mixing, and non-steady state flow simulations. These issues
present more challenging research questions, which are beyond the scope of this study, but
some of them are presented in the next chapter as recommended future works.
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8

Recommendations for further studies

Based on the experimental and numerical studies on the effect of normal loading and shear
displacement on the flow and particle transport phenomena in rock fractures as presented in
this thesis work, and considering the measures taken for necessary assumptions and
simplifications, further researches are recommended for the following subjects.
•

Mechanical aspects
-

•

Hydraulic and transport aspects
-

-

•

Considering more sophisticated flow models for solution of the lubrication equation
for rough surfaces in more detail, so that the particle motion between opposite rough
surfaces of a fracture can be more objectively simulated.
Considering non-steady state flow simulations and particle tracking for wider
applicability of the developed approaches, for example preparation for more realistic
safety assessment of nuclear waste repositories with consideration of mechanical
effects on flow and solute transport processes.
Consideration of unsaturated flow, gas flow and two-phase flow in rock fractures.

Chemical aspects
-

•

Quantification of the asperity damage/degradation and gauge formation during
laboratory direct shear tests, with or without coupling with fluid flow, as part of a
more comprehensive constitutive model development effort for rock fractures.
Investigation of the effect of above mentioned mechanical aspects on the flow and
transport behaviour in a single rock fracture, especially the retardation mechanisms.

Consideration of more complicated transport mechanism with chemical effects, such
as matrix diffusion, sorption, and radioactive decay effects in the particle tracking
algorithms.
Consideration of reactive flow and chemical alteration/damage of the fracture surface
(such as mineral precipitation) as well as their modeling.

General aspects
-

-

3-D simulations for fluid flow and tracer transport, including solution of NS equations.
More comprehensive laboratory experiments on coupled stress-flow-tracer transport
processes to support development of numerical simulation techniques, especially
feasible chemical effects.
More systematic numerical studies on the scale effect on the stress, flow and transport
processes using fracture samples of larger sizes and numbers, based on real rock
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fracture sample data.
Consideration of thermal effects, which is one of the dominant factors of influence on
chemical processes in rock fractures.

The above recommended future works are seen as not only feasible in the near future, but also
needed in engineering practice, especially the laboratory experiments that are needed to
support numerical developments, and vice versa.
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